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•4^H?0  are  analyzed  on  the  basis  of  a modified  Heisenberg  linear  chain 
model  with  an  intrachain  exchange  parameter  of  approximately  -0.3  cm“l 
and  a negligible  interchain  exchange  parameter.  Mossbauer  spectral  data 
for  these  Fe(II)  complexes  are  reported  in  the  temperature  range  17-300  K. 

The  observed  temperature  dependence  of  the  quadrupole  splitting  for  Fe(C,0.) 

(H  O)  , Fe(C  0 )(C  H N)  -2H  0,  and  Fe(C40  ) (C  H N ) *4%H  0 is  described  in  4 
terms  of  an  excited  5Eg  term  which  lies  525,  425,  and  850  cm"*  respectively, 
above  the  ground  term.  Ground-  and  excited-  term  splittings  are  in 

essential  agrlement  with  those  obtained  from  room-temperature  solid-state 
electronic  spectra  of  these  materials.  Controlled  chemical  oxidation  of 
FeCC^O^) (H„0)  with  Br  or  1,4-benzoquinone  in  1,2,4-trichlorobenzene  yields 
discrete  mixed-valence  compounds  Fe(C„0, ) (H20) . ,BrQ  , and  Fe(C-0/*  (H_0)q.9 
(C^H^C^q  gg.  These  semiconducting  materials  (a30uK  ^ 10”4fi-*  cm~^)  display 

Mossbauer  spectra  in  the  range  20-400  K which  are  characteristic  of  Fe(II,III) 
mixed-valence  polymers.  Below  approximately  20  K spectra  of  these  compounds 
consist  of  superimposed  paramagnetic  and  Zeeman  hyperfine  multiplets. 

FeCC^O^)  (C^H^JOI^  and  FeCC^^O^I  are  obtained  by  solid-state  Ij  oxidation 

of  FeCC^O^)  (C^H^N)  2*2^0  and  FeCC^H^O^)  (H^0) respectively.  Mossbauer 

spectral  parameters  for  these  iodine  oxidation  products  are  consistent  with 
the  presence  of  Fe(II)  and  Fe(III)  sites  in  the  approximate  ratio  of  three 
to  one.  Variable-temperature  magnetic  susceptibility  data  for  the  mixed- 
valence  complexes  indicate  the  presence  of  antiferromagnetic  spin  exchange 
which  is  described  with  appropriate  theoretical  expressions  for  the  suscept- 
ibility. With  the  possible  exception  of  FeCC^O^) (C^H^N)I^  the  mixed- 
valence  compounds  appear  to  be  structurally  described  as  randomally-oxidized 
linear  chain  coordination  polymers.  Infrared  spectral  band  assignments  for 
the  single-  and  mixed-valence  complexes  support  the  proposed  structures  for 
these  materials. 
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Magnetic  susceptibility  data  for  several  Fe(II)  coordination  polymers  containing 
oxalate  or  squarate  dianions  are  reported  in  the  temperature  range  4.2-300  K.  Low 
temperature  magnetism  of  Fe(C20^)  is  dominated  by  intrachain  ordering  near  32  K 

followed  by  the  onset  of  interchain  long-range  order  slightly  below  this  temperature. 
Susceptibility  data  for  Fe(C^O^)  (H20)2  and  Fe(C^O^)  (C^H^N)2*  21^0  show  no  detectable 
spin  exchange  in  the  temperature  range  studied.  Susceptibility  data  to  1.8  K for 
Fe(C^O^) (C^H^N^) ‘^H^O  are  analyzed  on  the  basis  of  a modified  Heisenberg  linear 
chain  model  with  an  intrachain  exchange  parameter  of  approximately  -0.3  cm  ^ and  a 
negligible  interchain  exchange  parameter.  MSssbauer  spectral  data  for  these  Fe(II) 
complexes  are  reported  in  the  temperature  range  17-300  K.  The  observed  temperature 
dependence  of  the  quadrupole  splitting  for  Fe(C^O^) (HjO)^,  Fe(C^O^) (C5H5N)2*2H20,  and 
Fe(C^O^) (C^H^N2) *4JsH20  is  described  in  terms  of  an  excited  ^Eg  term  which  lies  525, 
425,  and  850  cm  \ respectively,  above  the  ^B2g  ground  term.  Ground-  and  excited- 
term  splittings  are  in  essential  agreement  with  those  obtained  from  room-temperature 
solid-state  electronic  spectra  of  these  materials.  Controlled  chemical  oxidation  of 
Fe(C20^) (H20)2  with  Br2  or  1,4-benzoquinone  in  1,2,4-trlchlorobenzene  yields  discrete 

mixed-valence  compounds  Fe(c2°4^H2°^l.4Bro.  6 and  Fe(-C2°^  (H20)0. 9(C6IWo.05* 

These  semiconducting  materials  K i 10  ^0  ^ cm  display  Mbssbauer  spectra  in 

the  range  20-400  K which  are  characteristic  of  Fe(II,III)  mixed-valence  polymers. 
Below  approximately  20  K spectra  of  these  compounds  consist  of  superimposed  para- 
magnetic and  Zeeman  hyperflne  multiplets.  Fe(C^O^) (C^H^N)I^  ^ and  Fe(C^H20^)I  are 
obtained  by  solid-state  I2  oxidation  of  Fe(C^O^) (CjHjN)2*2H20  and  Fe(C^H20^) (H20)2, 
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respectively.  MSssbauer  spectral  parameters  for  these  iodine  oxidation  products  are 
consistent  with  the  presence  of  Fe(II)  and  Fe(III)  sites  in  the  approximate  ratio  of 
three  to  one.  Variable-temperature  magnetic  susceptibility  data  for  the  mixed- 
valence  complexes  indicate  the  presence  of  antiferromagnetic  spin  exchange  which  is 
described  with  appropriate  theoretical  expressions  for  the  susceptibility.  With  the 
possible  exception  of  Fe(C^O^) (C^H^N)I^  the  mixed-valence  compounds  appear  to  be 
structurally  described  as  randomally-oxidized  linear  chain  coordination  polymers. 
Infrared  spectral  band  assignments  for  the  single-  and  mixed-valence  complexes 
support  the  proposed  structures  for  these  materials. 

Cooperative  magnetic  phenomena  have  been  observed  at  low  temperature  in  several 
polymeric  transition-metal  complexes  containing  bridging  oxalate  Q.),  squarate  Q) , 
and  dibydroxybenzoquinone  Q)  dianions.  For  example,  variable-temperature  powder 

\ f 
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magnetic  susceptibility  of  Cu(C20^)*l/3  H20  has  been  measured  by  a number  of  investi- 
1-4  4 

gators.  McGregor  and  Soos  applied  a one-dimensional  Heisenberg  chain  model  to 

their  susceptibility  data  for  hydrated  copper  oxalate  and  derived  an  excellent  fit 

-1  ® 

with  an  Isotropic  exchange  parameter,  Jq  ■ -132  cm  . Variable-temperature  magnetic 
susceptibility  data  for  Fe(C20^)  (H20)2  have  been  collected  by  Barros  and  Friedberg7 
who  found  evidence  for  two  distinct  ordering  processes  below  35  K.  Their  results 
were  best  interpreted  in  terms  of  a rather  strong  interchain  spin-exchange  process 
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which  dominated  the  susceptibility  below  ca.  20  K.  In  addition,  van  Kralingen  et  al. 

have  recently  reported  low-temperature  magnetic  susceptibilities  for  Ni^O^)  (^0) ^ 

and  Co (02©^) (^0)2 • Both  of  these  polymers  were  assumed  to  have  linear  chain  struc- 

9 10 

tures  isomorphous  with  Fe(C20^)  0M^2*  ’ Data  for  the  Co(II)  complex  were  fit  to 

an  Ising  model  with  J_  m -9.3  cm  \ ^ * 6.1,  and  ^ ■ 3.3  whereas  the  Ni(II)  complex 

was  best  described  in  terms  of  the  de  Neef  zero-field  splitting-Heisenberg  exchange 

model11  with  D - -|j|  - -11.5  cm-1  and  £ - 2.22. 

Among  the  polymeric  squarate  complexes  of  divalent  metal  ions  studied  to  date 

12 

only  Ni(C^O^) (^O^  has  been  reported  to  undergo  a low-temperature  magnetic  phase 

transition.  Based  on  the  recent  single-crystal  x-ray  structure  determination  for 
13 

Ni(C^O^) O^O^  which  shows  a three-dimensional  polymeric  network  of  octahedrally- 

coordinated  Ni(II)  ions  this  ferromagnetic  ordering  must  be  associated  with  the  onset 

14 

of  long-range  order.  However,  Long  was  unable  to  observe  any  ferromagnetic  order- 

57 

ing  at  1 > 1.3  K in  the  Fe  Mossbauer  spectrum  of  Fe(C^O^)  O^O^,  although  this 
complex  has  a room  temperature  x-ray  powder  pattern  which  Indicates  structural  iso- 
morphism with  the  Ni(II)  complex. 

Low-temperature  magnetic  properties  of  Cu(II)1^  and  Fe(II)1^  polymeric  complexes 

with  ^ have  been  reported.  Both  CuCCg^O^)1^  and  Fe(C^H20^)  were  assumed  to 

possess  similar  structures  to  the  analogous  oxalate  complexes  but  there  is  at  present 

no  complete  single-crystal  evidence  to  support  the  proposed  linear-chain  structures. 

Magnetic  susceptibility  data  for  the  Cu(II)  and  Fe(II)  complexes  were  fit  to  appro- 

,15 

priate  Heisenberg  linear  chain  models  with  m -9.7  to  -16.7  cm-1  and  £ - -1.4 
-1  16 

cm  , respectively.  Essential  features  of  the  magnetic  susceptibility  vs.  tempera- 
ture behavior  of  Cu(C,H_0.)  have  recently  been  confirmed. ^ 

Occurrence  of  these  cooperative  phenomena  in  low-dimensional  complexes  of 

suggested  to  us  the  possibility  of  preparing  mixed-valence  analogs  which  would 

18 

possess  interesting  properties.  Our  preliminary  findings  on  the  solid-state  oxida- 
tion of  FeCC^HjO^) (^0)2  with  Indicated  that,  for  example,  the  electrical  conduc- 
tivity of  the  mixed-valence  material  was  approximately  six  orders  of  magnitude  larger 
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than  that  of  the  single-valence  complex.  During  the  course  of  this  investigation  we 
prepared  two  new  Fe(II)  complexes  of  2 which  were  also  subjected  to  chemical  oxida- 
tion.  This  paper  describes  the  results  of  our  investigation  of  the  synthetic, 
magnetic,  and  spectroscopic  aspects  of  both  the  single-  and  mixed-valence  iron  com- 
plexes of  1-3. 

i\,  "V 


Oxalic  and  squaric  acids  and  pyrazine  were  obtained  from  Aldrich  Chemical  Co. 

2,5-Dihydroxy-l,4-benzoquinone  was  obtained  from  Eastman  Chemical  Co.  Squaric  acid 

was  recrystallized  from  water  prior  to  use.  2,5-Dyhydroxy-l,4-benzoquinone  was 

19 

purified  by  sublimation.  I^C^O^  was  prepared  by  the  reaction  of  H2C4°4  with 
aqueous  KOH.  Pyridine  was  vacuum  distilled  from  CaSO^  prior  to  use. 

Fe(C20, ) (H„0)2.  Diaquooxalatoiron(II)  was  prepared  as  a bright  yellow  micro- 

wwwwwww 
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crystalline  powder  according  to  a published  procedure.  Anal.  Calcd  for  CoFeH.0,: 

L 4 O 

C,  13.34;  Fe,  31.04;  H,  2.24.  Found:  C,  13.30;  Fe,  31.0;  H,  2.14. 

Fe(C,0, ) (H20)2.  Diaquosquaratoiron(II)  was  prepared  in  this  method 

by  rapidly  adding  an  ethanolic  solution  (50  mL)  of  FeSO^^H^O  (0.553  g,  1.992  mmol) 
to  a 50°C  aqueous  solution  of  I^C^O^  (0.227  g,  1.992  mmol).  The  solution  was  brought 
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to  reflux,  whereupon  a light  purple  coloration  appeared  in  the  solution  and  a 

yellow  precipitate  formed  after  several  minutes.  The  precipitate  was  collected, 

washed  with  cold  water,  and  dried  at  50°C  under  vacuum.  The  ir  spectrum  of  this 

22 

product  indicates  the  presence  of  ethanol  in  the  dried  compound.  Anal.  Calcd  for 
C,FeH.O  *1/3  CH.CH.OH:  C,  25.56;  Fe,  25.47;  H,  2.76.  Found:  C,  25.60;  Fe,  25.5; 

4 4 0 j L 

H,  2.80. 


In  this  procedure  an  aqueous  solution  (50  mL)  of  FeC^^l^O  (0.398  g, 
2 mmol)  was  added  to  a cold  aqueous  solution  (150  mL)  of  ^C^O^  (0.380  g,  2 mmol). 

The  yellow  precipitate  which  formed  Immediately  was  washed  with  cold  water  and  dried 
at  60#C  for  24  hours.  Anal.  Calcd  for  C^FeH^O^:  C,  23.56;  H,  1.98;  Fe,  27.39. 
Found:  C,  23.51;  H,  2.01;  Fe,  27.4. 
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Method  C.  In  this  method  1.0  g of  iron  wire  was  placed  in  a degassed  aqueous 

vwvwvv. 

solution  (500  mL)  containing  2 g of  The  flask  was  fitted  with  a nitrogen 

inlet  and  a mercury  bubbler.  The  solution  was  purged  with  gas  for  30  min  and  then 
sealed  to  the  atmosphere.  During  the  course  of  several  months  small  cubic  crystals 
of  yellow-green  product  formed  in  the  flask.  The  product  was  collected  and  air  dried 
at  50°C.  Anal.  Calcd  for  C.FeH.O,:  C,  23.56;  Fe,  27.39;  H,  1.98.  Found:  C,  23.60; 

4 4 O 


Fe,  27.5;  H,  2.06. 

Fe(C,H_0, ) (H-O)-.  Diaquodihydroxybenzoquinonatoiron(II)  was  prepared  according 

wwwcmW/wm 

to  a published  procedure. Anal.  Calcd  for  C,FeH,0, : C,  31.34;  Fe,  24.29; 

O DO 

H,  2.63.  Found:  C,  30.99;  Fe,  24.3;  H,  2.63. 

Fe(C^O^)  (CjH^N)2*2H20.  Bispyridinesquaratoiron(II)  dihydrate  was  prepared  by 

'WWWVWWWWVWWV 

dissolving  FeCl2*4H20  (1.01  g,  5 mmol)  in  70  mL  cold  ri-propanol  containing  0.8  mL 

pyridine.  Solid  H2C^0^  (0.570  g,  5 mmol)  was  added  to  this  solution  with  stirring. 

23 

A white  precipitate  formed  immediately.  An  additional  25  mL  of  pyridine  was  added 
to  the  solution.  After  slow  stirring  for  30  min  a dark  yellow  precipitate  formed. 

The  precipitate  was  collected  and  dried  over  CaSO^  at  room  temperature.  Anal.  Calcd 
for  C^FeH^N20g:  C,  46.44;  Fe,  15.42;  H,  3.90;  N,  7.74.  Found:  C,  46.36;  Fe,  15.4; 
H,  3.89;  N,  7.72. 

Fe(C,0, ) (C,H,N_) •4JiH-0.  Pyrazlnesquaratoiron(II)  hydrate  was  prepared  by  dis- 

'VVAA/VVvKaAaKaK/vV/VV'v.A/v^ 

solving  FeCl2*4H20  (1.0  g,  5 mmol)  in  n-propanol  at  -5°C  (ice-salt  bath)  and  then 

adding  solid  pyrazine  (0.411  g,  5.1  mmol)  to  this  solution.  A red-orange  precipitate 
24 

formed  immediately.  Solid  l^C^O^  (0.570  g,  5 mmol)  was  added  with  stirring  to  the 
resulting  mixture.  After  15  min,  20  mL  of  water  was  added  until  the  orange  precipi- 
tate dissolved.  The  solution  was  maintained  at  -5°C  for  several  hours  during  which 
time  a dark  orange  precipitate  formed.  The  product  was  filtered  and  dried  under  a 
stream  of  N2  gas  and  then  kept  in  vacuum  at  room  temperature  for  several  hours. 

Anal.  Calcd  for  CgFeH^O^^O:  C,  29.20;  Fe,  16.97;  H,  3.98;  N,  8.51.  Found: 

C,  29.44;  Fe,  17.0;  H,  3.73;  N,  8.36. 
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Fe(C204) (H^O)^  ^Br^  The  Br^  oxidation  product  of  FeCC^O^) (H^O) ^ was  prepared 

VW\AWV\M/WWVWVW, 

by  treating  0.500  g of  Fe(C20^) (H20) 2 with  0.500  g of  Br2  in  250  mL  of  1,2,4-tri- 
chlorobenzene  with  stirring  at  90°C  for  10  hours.  The  dark  red  product  which  formed 
was  collected  and  kept  in  a vacuum  desiccator  at  3°C  over  Anal-  Calcd  for 

BrQ  6C2FeH2  g05  4 : Br,  22.09;  C,  11.07;  Fe,  25.73;  H,  1.30.  Found:  Br,  22.18; 

C,  11.34;  Fe,  25.7;  H,  1.18. 

Fe(C204)  (H20)q  9^6^4^2^0  05'  1.4-benzoquinone  oxidation  product  of 

WWIAWWWWCW/WWWVVV\< 

Fe(C204) (H20)2  was  prepared  by  treating  1.0  g of  Fe(C204) (H20)2  with  2.5  g of  freshly 
sublimed  1,4-benzoquinone  in  refluxing  (260°C)  1,2,4-trichlorobenzene  under  N2  for 
24  hours.  During  the  course  of  the  reaction  yellow  Fe(C204) (H20)2  slowly  dissolved 
and  a black  solid  deposited.  This  precipitate  was  collected  and  dried  in  vacuo  at 
150°C  for  several  days.  Anal.  Calcd  for  C2  .jFeH^:  C,  16.69;  Fe,  33.75;  H,  1.22. 
Found:  C,  16.60;  Fe,  33.8;  H,  0.87. 

FeCC^O^) (C^H^N) 1^  The  I2  oxidation  product  of  bispyridinesquaratoiron(II) 

vwwwwvwvwwvv 

was  prepared  by  heating  0.500  g of  solid  FeCC^O^) (C5H5N)2*2H20  with  1.000  g of  I2  in 
an  open  vessel  at  1208C.  After  excess  I2  had  sublimed  from  the  reaction  mixture  a 
black  product  remained.  Anal.  Calcd  for  C^FeH^^  5N04:  c>  24.72;  Fe,  12.77; 

H,  1.15;  I,  43.52;  N,  3.20.  Found:  C,  24.24;  Fe,  12.9;  H,  1.24;  I,  43.50;  N,  3.15. 

Fe(C,H20,)I.  The  I2  oxidation  product  of  diaquodihydroxybenzoquinonatoiron(II) 

wwwwwv 

was  prepared  by  treating  solid  Fe(CgH204) (H20)2  with  excess  I2  in  a sealed  tube 
immersed  in  an  oil  bath  held  at  180°C  for  48  hours.  After  reaction  the  tube  was 
broken  and  connected  to  a vacuum  line.  The  sample  was  heated  to  100°C  and  unreacted 
I2  sublimed  under  vacuum.  Anal.  Calcd  for  C^Fet^IO^:  C,  22.46;  Fe,  17.41;  H,  0.63; 

I,  39.56.  Found:  C,  23.06;  Fe,  17.6;  H,  0.62;  I,  39.61. 

Cu(C,0, ) (H20)2  and  Ni(C,0, ) (H-O)-.  Diaquosquaratocopper (II)  and  diaquosquarato- 

/VAAA/>AAA/VA/\/VA/\AAAAAAAAA/\AAAA/VAA/V\A»  2£ 

nickel (II)  were  prepared  by  published  procedures.  Anal.  Calcd  for  C^CuH^O^: 

C,  22.70;  H,  1.91.  Found:  C,  22.72;  H,  2.08.  Calcd  for  C.H.NiO,:  C,  23.23; 

4 4 o 

H,  1.95.  Found:  C,  23.11;  H,  1.99. 
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Physical  Measurements.  Magnetic  susceptibilities  above  15  K were  determined 

V\AA/WW\Z\AAA/WWW\A 

27  28  | 

with  a conventional  Faraday  balance  calibrated  with  Hg[Co (NCS)^] . Magnetic 

susceptibilities  below  15  K were  obtained  using  a Princeton  Applied  Research  vibrating 

29 

sample  magnetometer  which  has  been  described.  Corrections  for  ligand  diamagnetism  j 

3C 

were  taken  from  a table  of  Pascal's  constants.  The  diamagnetic  susceptibility  of  ' 

_6  26 

the  squarate  dianion  was  taken  as  30.6  x 10  cgsu.  Underlying  filled-shell  dia- 
magnetism for  Fe^+  was  assumed  to  be  13  x 10  ^ cgsu.^  Experimental  magnetic  suscep- 
tibilities were  fit  to  theoretical  models  with  a local  computer  routine  which  employs  | 

32 

the  Simplex  minimization  algorithm.  In  general,  the  relative  uncertainty  of  the 
magnetic  susceptibility  data  is  somewhat  greater  at  higher  than  at  lower  temperatures. 

This  uncertainty  is  estimated  to  be  no  greater  than  ±0.02  uD  at  approximately  20  K \ 

D ; 

and  ±0.04  p„  at  300  K.  Replicate  determinations  were  reproducible  to  ±0.02 

D D 

Within  the  overlaping  temperature  range  of  the  Faraday  balance  and  the  vibrating  • 

sample  magnetometer,  magnetic  susceptibility  data  agreed  to  ±1%. 

33 

Mbssbauer  spectra  were  obtained  on  a spectrometer  previously  described.  The 

^Co(Pd)  source  was  maintained  at  room  temperature  in  all  cases.  A 25  pm  a-Fe  foil 
57  2 

(430  ug  of  Fe/cm  ) was  used  as  velocity  calibrant.  Spectrometer  linearity  was 

checked  by  plotting  experimental  Fe  foil  line  positions  vs  accepted  positions  in  mm/s. 

In  this  manner  it  was  determined  that  system  linearity  was  better  than  99%  of  the 

theoretical  limit.  As  a secondary  linearity  check,  the  positions  of  the  Zeeman  lines 

of  Fe^O^  were  determined.  These  line  positions  were  found  to  be  within  0.005  mm/s  of 

the  accepted  line  positions.  Experimental  Mbssbauer  spectra  were  deconvoluted  by 

assuming  Lorentzlan  line  contours  superimposed  on  a parabolic  baseline.  The  mixed- 

34 

valence  spectra  were  fit  with  the  routine  FITA.  In  all  cases  Mbssbauer  spectra 
were  taken  on  finely  ground  powdered  samples  dispersed  in  Vaseline  and  held  in  a lead 
block  between  Fe-free  mylar  tape. 


X-ray  powder  diffraction  patterns  were  obtained  by  employing  the  Straumanis 
technique  with  Ni-filtered  Cu  Ka  radiation.  Film  shrinkage  was  checked  by  incorporat- 
ing a small  amount  of  KBr  in  the  sample.  Transmission  of  optical  spectra  were 
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8 


it 

1 

recorded  on  a Cary  14  with  samples  mulled  in  Kel-F  grease  supported  on  quartz  windows. 

I k 

i Room-temperature  electrical  conductivity  measurements  were  obtained  on  pressed  pellet 

' 35 

specimens  by  employing  the  van  der  Pauw  four  -robe  configuration  or  the  four  in- 
line probe  arrangement.  Low-temperature  electrical  conductivities  were  obtained 
exclusively  with  the  former  configuration.  Thermal  weight  loss  curves  were  obtained 

i 

on  a Dupont  900  thermal  analyzer  coupled  to  a Dupont  950  thermogravimetric  analyzer. 
Infrared  spectra  were  obtained  using  a Beckman  IR  20A  infrared  spectrophotometer. 
Samples  were  in  the  form  of  KBr  pressed  pellets. 

Results  and  Discussion 

w\AMA/WVWWWWW\A« 

Syntheses,  Stabilities,  and  Stoichiometries.  Oxalate  Complexes.  Diaquooxalato- 
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iron(II)  reacts  slowly  with  Br2  in  1,2,4-trichlorobenzene  (TCB)  at  90°C  to  yield  a 
single  dark  red  oxidation  product  according  to  eq  1.  Progress  of  this  reaction  was 

Fe(C204)(H20)2  + 0.3Br2  - Fe^O^)  0^0)^^  ^ + 0.6^0  (1) 

monitored  by  observing  the  gradual  disappearance  of  solid  yellow  Fe(C2C>4)  (H20)2.  C, 
Fe,  H,  and  Br  analyses  of  the  iron-containing  product  from  a number  of  replicate 
experiments  establish  a bromine-iron  ratio  of  0.6  ± 0.02,  an  iron-carbon  ratio  of 
0.5  ± 0.01,  and  a carbon-hydrogen  ratio  of  0.71  ± 0.03.  Attempted  sealed-tube,  solid- 
state  oxidation  of  Fe(C204) (H20>2  with  excess  Br2  yielded  hydrated  FeBr^  and  C02<  A 
similar  reaction  with  0.3  mole  of  Br2  per  mole  of  Fe(C2Q4) (H20) 2 gave  a mixture  of 
unreacted  ferrous  oxalate  and  FeBr^. 

Reaction  of  Fe(C204) (H20)2  with  purified  1,4-benzoquinone  in  TCB  at  260°C  in  a 
nitrogen  atmosphere  yielded  a black  oxidation  product  according  to  eq  2.  The  stoi- 

Fe(C204)(H20)2  + 0.05C6H402  - Fe(C204)  (V^O^WVo.OS  + I.IHjO  (2) 

chiometry  of  the  product  was  established  by  replicate  analyses  of  the  iron-containing 
product.  Anaerobic  reaction  conditions  were  necessary  to  prevent  formation  of  hydro- 
quinone.  The  isolated  oxidation  product  was  dried  under  high  vacuum  at  150°C  for 
several  hours  to  Insure  complete  removal  of  unreacted  qulnone.  Solid-state  treatment 
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of  FeCC^O^)  (H20)2  with  1,4-benzoquinone  gave  no  reaction  after  several  days  at  150°C. 

1,4-Naphthoquinone  also  app -ren-ly  oxidized  Fe(C20^) (t^O^  in  TCB  at  260°C;  however, 

the  product  of  this  reaction  was  not  characterized.  Attempted  I2  oxidation  of 

Fe(C20^) (H20)2  either  in  TCB  at  90°C  or  in  the  solid  state  at  120°C  was  unsuccessful. 

The  quinone  oxidation  product  of  Fe(C20^) (H20)2  is  a stable  compound.  We 

observed  no  change  in  its  properties  after  prolonged  storage  at  room  temperature. 

The  bromine  oxidation  product,  however,  must  be  stored  at  0°C  in  a dry  atmosphere. 

In  addition  the  compound  apparently  reacts  with  plastic  materials.  Whereas  the  x-ray 

diffraction  powder  pattern  of  Fe(C20^) (H20) 2 was  consistent  with  published  ci-spacings 

9 

and  line  intensities,  we  were  unable  to  obtain  any  diffraction  lines  for  either 


Fe(C204)  (HjO^ >4BrQ>6  or  Fe(C204)  (H2°)0> 9 Q5 . Prolonged  exposure  of  the 
bromine  oxidation  product  to  x-rays  resulted  in  its  decomposition. 


Squarate  Complexes.  X-ray  powder  diffraction  data  for  the  iron (II)  squarate 

vtwiA^mww/vm 

complexes  prepared  above  are  given  in  Table  I.  We  have  also  recorded  the  powder 
patterns  of  Ni(C4C>4)  (H20)o  and  Cu(C4C>4)  (H20) 2>  We  find  these  powder  diffraction 

26 

patterns  to  be  entirely  consistent  with  the  <i-spacings  tabulated  by  West  and  Niu. 

Data  in  Table  I for  Fe(C4C>4) (H20>2  are  reported  for  Fe(C404> (H20>2  obtained  by  method 
C (Experimental  Section) . Based  on  these  data  the  cubic  lattice  constant  for  this 


polymer  is  8.22  t 0.03  A.  Data  for  the  ethanol-containing  complex,  Fe(C404) (H20)2* 
1/3  CH^CH20H,  prepared  by  method  A,  are  also  given  in  Table  I.  This  material  has  a 
powder  diffraction  pattern  which  is  essentially  identical  to  that  of  Fe(C404) (H20) 2 
except  that  there  appears  to  be  an  approximately  5Z  expansion  in  the  cubic  unit  cell 
parameter  (8.63  ± 0.03  A).  The  material  prepared  by  method  B is  identical  to  that 


prepared  by  method  C except  that  the  latter  method  gives  larger  crystals. 

Fe(C404)(H20)2,  Fe(C404)(C5H5N)2-2H20,  and  Fe(C404)  (C^Bj) -4^0  appear  to  be 
indefinitely  stable  if  stored  over  CaS04  at  0oC.  At  room  temperature  the  pyridine 
adduct  turns  brown  and  loses  pyridine  within  several  days  of  its  preparation.  These 


materials  were  Insoluble  in  a wide  range  of  solvents  tested.  In  order  to  confirm  the 
presence  of  lattice  rather  than  coordinated  water  in  the  pyrazlne  and  pyridine 
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complexes  we  obtained  weight  loss  curves  for  the  three  ferrous  squarate  complexes. 

In  this  regard  it  should  be  noted  that  the  thermal  decomposition  of  Fe(C^O^) (1^0) 2 

36 

has  been  previously  investigated.  Weight  loss  curves  for  these  compounds  are 

37 

illustrated  in  Figure  1.  We  have  included  the  curve  for  [Fe(C^O^) (H20) 20H] 2 *2H20 
for  purposes  of  comparison.  The  final  decomposition  product  for  each  of  the  Fe(II) 
compounds  was  Fe202  as  shown  by  an  x-ray  powder  pattern  of  the  residue.  The  most 
striking  difference  between  the  weight  loss  curve  of  Fe(C^O^) (l^O) 2 and  those  of  the 
pyridine  and  pyrazine  adducts  is  the  much  slower  decomposition  of  the  first  relative 
to  the  second  and  third  compound.  In  addition  two  distinct  processes  are  apparent  in 
the  curves  for  the  pyridine  and  pyrazine  compounds  while  only  one  is  found  in  the 
aquo  analog.  Process  1 (160°C)  in  Fe(C^O^)  (C^HjN)2*2H20  (Figure  1)  accounts  for  a 
44%  weight  loss  and  corresponds  to  eq  3 (44%  calculated) . Loss  of  pyridine  at  160°C 

Fe(C404)(C5H5N)2-2H20  - Fe(C404)  (H20)2  + 20^  (3) 

was  confirmed  by  collecting  the  gaseous  products  in  a liquid  nitrogen  trap.  A 
similar  experiment  for  process  1 in  the  decomposition  of  the  pyrazine  compound  indi- 
cates that  water  is  initially  lost  from  this  complex  at  approximately  140°C  (eq  4). 

Fe(C404)(C4H4N2)-4isH20  - FeO^)  (C^Hj)  + 4^0  (4) 

The  theoretical  weight  loss,  24.6%,  agrees  well  with  the  experimental,  24.0%.  The 
second  step  in  the  decomposition  of  the  pyridine  and  pyrazine  complexes  is  complex 
but  the  experimental  total  weight  loss  (process  1 + process  2)  agrees  very  well  with 
that  expected  for  formation  of  Fe^^. 

It  is  evident  that  a study  of  the  thermal  decomposition  of  the  iron (II)  squarate 
complexes  does  not  uniquely  determine  if  water  is  present  in  the  pyridine  and 
pyrazine  complexes  as  lattice  or  coordinated  water.  It  does  appear,  however,  that 
the  structures  of  these  two  complexes  are  different  than  that  of  Fe(C404) (H20)2<  The 
complicated  mechanism  of  the  solid-state  decomposition  of  these  materials  may  be  due 
to  a strongly  hydrogen  bonded  network  of  H?0-C404  units  in  these  structures  as 
previously  suggested  for  [Fe(C404) (H20)20H]2*2H20. 

(0 
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A large  number  of  experiments  were  undertaken  in  an  attempt  to  prepare  mixed- 
valence  materials  derived  from  FeCC^O^jL^;  L ■ H2<3,  C^H^N,  or  In  the  case  of 

Fe(C^O^)  (H20)2  prolonged  (up  to  one  month)  treatment  with  I 2 in  the  solid  state 
resulted  in  very  little  oxidation.  A number  of  partially  oxidized  and  fully  Fe(III) 
products  were  obtained  from  solid-state  oxidations  of  Fe(C404)  (H20) 2 with  excess  Br2> 
None  of  these  materials  were  fully  characterized  although  the  time  dependence  of  the 
oxidation  was  monitored  by  ^Fe  Mossbauer  spectroscopy  and  elemental  analysis. 

Bispyridinesquaratolron(Il)  reacts  with  excess  at  75°C  in  a sealed  tube  or  at 
120°C  in  an  open  container  to  give  a black  product  according  to  eq  5.  Replicate 

Fe(C404)(C5H5N)2*2H20  + 0.75I2  -►  Fe(C404)  (C^N)^  5 + 2H20  + C^N  (5) 

experiments  establish  an  iodine-iron  ratio  of  1.5  ± 0.1.  This  oxidation  product  is 

stable  if  stored  over  CaSO, . However,  a slow  hydrolysis  reaction  occurs  if  the 

material  is  placed  in  moist  air,  and  under  these  conditions  nearly  all  (>90%)  of  the 
iodine  is  lost  as  I2<  Complete  Br2  oxidation  of  Fe(C4C4) (CjHjN)2#2H20  either  in  the 
solid  state  or  in  TCB  occurs  within  two  minutes  at  room  temperature.  The  product  of 
this  reaction  contains  no  carbon  (as  determined  by  microanalysis)  and  only  Fe(III)  as 
judged  by  its  Mbssbauer  spectrum. 

Pyrazinesquaratoiron(II)  reacts  slowly  with  I2  in  a sealed  tube  at  150°C.  No 
reaction  was  observed  at  lower  temperatures.  The  I2  oxidation  product  was  very 

unstable  with  respect  to  loss  of  I2  and  therefore  was  not  characterized.  As  in  the 

case  of  Fe(C404) (C^H^N)2*2H20,  Br2  oxidation  of  the  pyrazlne  complex  was  extremely 
facile  giving  rise  to  a fully  oxidized  material  which  we  have  not  characterized. 

Diaquodihydroxybenzoquinonatolron(II)  reacts  with  in  a sealed  tube  at  180*C 
according  to  eq  6.  Fe(C^H204)I  is  a stable  material  which  does  not  lose  iodine  upon 

Fe(C6H204)(H20)2  + ^ -►  Fe^^O^I  + 2H20  (6) 

exposure  to  the  atmosphere.  Although  Br2  reacts  rapidly  with  Fe(C^H204) (H20)2>  the 
oxidation  product,  which  we  have  tentatively  Identified  as  Fe(C^H204)Br2,  loses  Br2  at 
room  temperature  or  at  0°C  in  vacuum.  We  have  not  further  characterized  this  material. 
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? JS&-  The  infrared  spectrum  of  Fe^)  (H^ 
consists  of  a relatively  small  number  of  absorption  bands  which  may  be  assigned  as 
follows  (peak  position  in  cm  1 followed  by  assignment):  3400,  v(H20);  1700,  vCQ; 
1325,  1370,  vcc;  820,  6QC0;  700,  P^O);  500,  Pw(H20);  490,  vFe_Q.  Essential 
features  of  this  spectrum  are  unchanged  upon  partial  oxidation  of  FeCC^)  (H20)2  by 
either  Br2  or  1,4-benzoquinone.  The  band  at  1700  cm  ^ assigned  to  is  unchanged 
upon  chemical  oxidation  and  no  bands  assignable  to  free  OO  are  observed  at  higher 
frequencies.  We  are  able  to  detect  additional  weak  bands  in  the  region  1100-1600  cm 
in  the  spectrum  of  the  quinone  oxidation  product.  These  weak  bands  are  assigned  to 
\>co  and  vcc  for  the  form  of  1,4-benzoquinone  present  in  the  complex. 

^uarate^Comgounds . Infrared  band  positions  and  assignments  for  the  iron 
squarate  complexes  prepared  above  are  listed  in  Table  II.  Figure  2 illustrates  the 
spectra  of  these  complexes  in  the  range  1900-250  cm  Our  assignments  for 

1 / 0 4 

Fe(C^O^) (H20)2  are  consistent  with  those  of  Long  and  West  and  Niu.  The  most 
pronounced  feature  of  the  spectrum  of  the  aquo  complex  is  the  broad,  symmetric  band 
centered  at  1520  cm  ^ which  is  assigned  to  v^,  the  carbon-oxygen  stretching  mode  of 
coordinated  (D^h)  squarate  dlanion.  This  absorption  is  more  asymmetric  in  the 
pyridine  and  pyrazine  complexes  and  is  shifted  to  approximately  1500  cm  A number 
of  sharp  absorption  bands  in  Fe(C^O^) (CjH^N)2*2H20  are  assigned  to  coordinated 
pyridine.  These  absorptions  are  marked  with  a + in  Figure  2.  The  presence  of  co- 
ordinated, rather  than  lattice,  pyridine  is  suggested  by  certain  band  shifts  relative 
38 

to  free  pyridine.  For  example,  tha  normal  modes  observed  at  1580,  990,  601,  and 

-1  39  ’ -1 

405  cm  in  free  pyridine  are  found  at  1590,  1017,  630,  and  420  cm  , respectively, 

in  Fe(C^O^) (C^H^N)2*2H20.  These  shifts  to  higher  frequency  are  similar  to  those 

38 

observed  for  Fe(C^H^N)2  ^Cl2  complexes.  These  relatively  large  positive  shifts  are 
38 

presumed  due  to  pyridine-ligand  interactions  rather  than  pyridine  o/ir  framework 
distortions  upon  coordination. 

Similar  shifts  are  observed  in  absorption  bands  which  are  assignable  to  co- 
ordinated pyrazine  in  Fe(C^O^) (C^H^Nj) *4>jH20  (Figure  2,  spectrum  C) . Our  assignments 
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are  in  agreement  with  those  made  previously  for  neat  pyrazine.  We  observe  several 

k -1 

weak  absorptions  in  the  range  1630-1800  cm  but  have  been  unable  to  ascribe  any 

significance  to  these  bands.  In  addition  several  broad  bands  near  600  cm  ^ are 

unassigned. 

A portion  of  the  infrared  spectrum  of  Fe(C^O^) (C^H^N) 1^  ^ is  shown  as  spectrum  D 

in  Figure  2.  The  remainder  of  the  spectrum  is  identical  to  that  of  Fe(C^04>  (C,.H,.N)2 

21^0.  The  essential  difference  between  spectra  D and  B is  the  appearance  of  two 

rather  strong  bands  at  1810  and  870  cm  ^ in  the  former.  The  1810  cm  ^ absorption 

corresponds  to  the  carbonyl  stretching  frequency  for  free  OO  in.  squaric  acid.  This 

-1  37 

absorption  occurs  at  1815  cm  in  [Fe(C^O^)  (H20)20H]2*2H20.  It  therefore  appears 
that  I^  oxidation  of  Fe(C^O^)  (CjHjN)2*2H20  has  partially  degraded  the  polymer. 

1 Infrared  spectra  of  2,5-dihydroxy-l,4-benzo- 

quinone,  Fe^l^O^)  (HjO^  and  Fe(CgH204)I  are  illustrated  in  Figure  3.  Upon  complex- 
atlon  vCQ  of  the  dlhydroxybenzoqulnone  ligand  at  1630  cm  ^ (Figure  3,  spectrum  A) 
shifts  to  1510  cm  ^ in  both  tha  single-  (spectrum  B)  and  mixed-valence  (spectrum  C) 
complexes.  An  additional  strong  band  near  500  cm  is  observed  in  the  spectrum  of 
Fe^H^O^)  (HjO^.  Several  shoulders  on  this  absorption  band  are  resolved  in  the 
spectrum  of  the  iodine  oxidation  product.  Because  these  absorptions  are  absent  in 
the  spectrum  of  the  ligand  it  may  be  possible  to  assign  one  or  more  of  them  to  iron- 
oxygen  stretching  modes,  vpe_Q*  Upon  iodine  oxidation  of  Fe^HjO^)  (H20)2  no  addi- 
tional bands  are  introduced  which  may  be  assigned  to  free  carbonyl  stretching  modes. 


This  is  shown  in  Figure  3 by  a comparison  of  spectra  B and  C in  the  region  1800-1550 
cm  This  absence  of  free  carbonyl  groups  in  Fe^l^O^)  0^0) 2 suggests  that  the 


polymer  has  not  been  degraded  during  chemical  oxidation  with  1^. 


MBssbauer  Spectroscopy. 
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Oxalate  Compounds. 
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Room  temperature 


57 


Fe  MBssbauer 


spectra  of  Fe^)  (H20)2,  Fe^)  (H20)Q< 9(C6H402)Q  Q5,  and  Fe^)  (H^ <4Br0>6 


are  shown  in  Figure  4.  Appropriate  MBssbauer  parameters  are  given  in  Table  III.  The 


41-45 

MBssbauer  spectrum  of  Fe(C204> (H20>2  has  been  studied  by  several  investigators. 

45 

De  Menezes  and  Barros  have  recently  published  an  analysis  of  the  4.2  K MBssbauer 
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spectrum  of  this  compound.  The  spectrum  consists  of  eight  Zeeman  lines  (seven  of 

which  are  well  resolved)  which  were  fit  to  an  appropriate  hamiltonian  with  the 

asymmetry  parameter,  n»  equal  to  0.76.  The  significance  of  the  fitting  parameters 

9 

was  understood  by  considering  the  structure  of  Fe(C20^) (H20)2  shown  in  Figure  5. 

If  the  principal  component  of  the  electric  field  gradient  tensor  lies  along  the  Fe-0 
(water)  bond  then  the  internal  hyperfine  field  is  found  in  the  Fe(C20^)  molecular 

plane.  The  orientation  of  the  internal  hyperfine  field  and  the  large  value  of  n were 

45  7 

assumed  to  support  a two-step  magnetization  process  previously  observed  for  this 

complex.  Our  magnetic  susceptibility  results  do  not  indicate  such  a two-step  order- 
ing mechanism.  However,  the  large  value  of  n is  consistent  with  a strong  intrachain 
spin  exchange  process  leading  to  substantial  one-dimensional  ordering  below  ca.  30  K 
(vide  infra) . 

The  room-temperature  MBssbauer  spectrum  of  Fe(C204)  (H20)Q  ^(C^H^O^q  05 
(spectrum  B,  Figure  4)  consists  of  discrete  Fe(II)  and  Fe(III)  quadrupole  doublets. 
Quadrupole  splitting  and  isomer  shift  parameters  for  the  Fe(TI)  site  are  essentially 
Identical  to  those  for  the  Fe(II)  site  in  Fe(C20^) (H20)2  (Table  III);  however,  line 
widths  in  the  oxidation  product  are  very  large  compared  to  the  single-valence  com- 
pound. At  lower  temperatures  a second  Fe(II)  site  is  discerned  as  a shoulder  on  the 
high  velocity  Fe(II)  absorption.  A typical  low-temperature  spectrum,  taken  at  50  K, 
is  illustrated  in  Figure  6 together  with  a suggested  assignment  based  on  one  Fe(III) 
and  two  Fe(II)  sites.  In  this  particular  fit  the  fitted  areas  of  Fe(II)  sites  A and 
B are  found  to  be  in  the  ratio  of  1.56  to  1.00  and  the  ratio  of  total  Fe(II)  to 
Fe(III)  area  is  3.18.  The  presence  of  the  second  Fe(II)  site  may  be  due  to  the 
partial  dehydration  of  the  polymer  or  may  be  a necessary  consequence  of  oxidation. 
Random  oxidation  of  the  Fe(C20^) (H20) 2 chain  will  result  in  a polymer  in  which  each 
Fe(II)  ion  may  be  bound  to  zero,  one,  or  two  Fe(III)  sites.  The  site  distribution 
will  depend  on  the  total  number  of  Fe(III)  sites,  that  is,  on  the  degree  of  polymer 
oxidation.  In  the  case  of  the  quinone  oxidation  product,  assuming  a two  electron 
reduction,  10%  of  the  polymer  is  oxidized.  On  the  average  both  hydrated  and 
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dehydrated  Fe(II)  sites  will  be  oxidized  and  the  approximate  ratio  of  Fe(II)-Fe(III) 
to  Fe(II)-Fe(II)  pairs  will  be  0.1;  thus  a large  number  of  distinct  Fe(II)  and  Fe(III) 
sites  exist  and  it  is  not  surprising  that  they  are  only  partially  resolved  by 
Mbssbauer  spectroscopy. 

The  Mbssbauer  spectrum  of  the  oxidation  complex  (Figure  4,  spectrum  C)  may 
be  understood  in  a similar  manner.  The  stoichiometry  of  the  oxidation  product  indi- 
cates that  no  dehydration  of  the  polymer  has  occurred  other  than  that  which  may  be 
accounted  for  by  displacement  with  Br“.  A statistical  distribution  of  oxidized 
sites  would  provide  significant  numbers  of  Fe(II)  sites  with  zero,  one,  and  two 
Fe(III)  neighbors.  Consequently,  even  more  breadth  would  be  expected  in  the  high- 
velocity  absorption  of  this  compound.  Surprisingly  this  absorption  is  quite  sharp 
suggesting  that  the  broad  absorption  observed  for  FeCC^O^) (HjO)^  9^6H4°2^0  05  is 


most  probably  due  to  the  partial  dehydration  which  accompanies  its  formation. 

Fe(III)-Fe(II)  area  ratios  for  the  Br^  oxidation  product  do  not  vary  with 

temperature.  At  room  temperature  this  ratio  is  1.10  in  reasonable  agreement  with  the 

ratio  of  oxidized  to  unoxldized  sites  of  1.50  as  determined  by  chemical  analysis. 

This  agreement  is  acceptable  given  uncertainties  in  the  analytical  data  and  the  fact 

that  it  may  be  a poor  approximation  to  determine  site  populations  on  the  basis  of 
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Mbssbauer  area  ratios. 

Both  the  Br^  and  quinone  oxidation  products  of  FeCC^O^) (H^O)^  display  the  onset 


of  long-range  order  by  the  appearance  of  a complex  Zeeman  pattern  below  ca.  20  K. 
Because  our  measurements  are  limited  to  I i 15  K we  have  not  been  able  to  observe  the 
completely  ordered  spectrum.  Our  preliminary  findings  indicate  that  at  least  two 
hyper fine  fields  are  present  in  the  Mbssbauer  spectra  at  ca.  20  K along  with  the 
four-line  paramagnetic  spectrum  of  the  mixed-valence  chain. 

Squarate  Complexes.  Room-temperature  Mbssbauer  spectra  of  Fe(C.0. ) (H-0)_, 

WlArnVWVWWlM,  **  **  *■  *■ 

Fed^)  (C5H5N)2*2H20,  and  Fe(C^O^)  (C^H^)  are  shown  in  Figure  7.  Spectral 

parameters  are  listed  in  Table  IV.  The  spectra  are  composed  of  simple  quadrupole 

14 

doublets  in  the  temperature  range  300-17  K.  Long  has  recently  obtained  the  1.3  K 
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spectrum  of  Fe(C^O^) (I^O) ^ • At  this  temperature  the  spectrum  consists  of  a single 
unbroadened  quadrupole  doublet  with  AEq  ■ 2.76  and  6 - 1.41  mm/s.  At  room  tempera- 
ture the  aquo  and  pyridine  complexes  display  quadrupole  splittings  which  are  consid- 
erably lower  than  that  of  the  pyrazine  complex.  In  addition  the  temperature 
dependence  of  AEq  for  the  first  two  complexes  is  greater  than  for  the  pyrazine 
complex.  An  analysis  of  the  temperature  dependence  of  AEq  for  these  compounds  is 
illustrated  in  Figure  8.  This  temperature  dependence  may  be  explained  in  terms  of  a 
low-symmetry  crystal  field  splitting  of  the  ^2  ground  term  of  octahedral  high-spin 
Fe(II).  If  the  ligand  field  is  tetragonal  the  ground  term  splitting  diagram  shown 
below  is  applicable,  where  | A | is  the  tetragonal  distortion  parameter.  In  order  to 


calculate  the  temperature  dependence  of  A^  by  using  this  two  level  model  we  assume 

that  the  small  effect  of  spin  orbit  coupling  may  be  ignored  and  that  the  thermal 

distribution  of  the  ^E  and  ^B»  terms  follows  a Boltzmann  distribution  as  in  eq  7 

g 2g 

F(A,T)  - (1  - e"A/--)/(a  + be"A/--)  (7) 

where  a ■ 1 and  b ■ 2 if  A is  positive  and  a * 2 and  b ■ 1 if  4 is  negative  (orbital 

doublet  lies  lowest).^  j?(A,T)  is  proportional  to  the  valence  contribution  to  the 

2 -3 

EFG  tensor  as  given  in  eq  8 where  a is  the  covalency  parameter  and  vq  is  the  free 

’ 3v.l.nc./4'7  io  ‘2  '8> 
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ion  3d  radial  expectlon  value.  If  we  assume  that  there  is  no  lattice  contribution 
to  the  EFG  then  the  quadrupole  splitting  may  be  determined  according  to  eq  9.  In 


AEQ(T)/AEq(0  K)  - F(A,T) 
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Figure  8 we  have  approximated  the  0 K value  of  AE  for  each  of  the  complexes  by  using 

~Q 

our  value  of  AE^  determined  at  17  K.  The  temperature  variation  of  AE^  for  each  of  the 
complexes  was  reproduced  within  experimental  error  with  ground  term  splittings  of 
475-550  cm-1  for  Fe(C404)  (H20>2,  425  cm-1  for  Fe  (C^)  (CLHjN)  2*  2H20,  and  850  cm-1  for 
Fe(C404) (C4H4N2) '4%H20  (Figure  8)  by  assuming  an  orbitally  nondegenerate  ^B^  ground 
term.  These  values  of  A are  in  substantial  agreement  with  the  ground  term  splitting 
derived  from  the  temperature  dependence  of  the  magnetic  susceptibility  of  these  com- 
plexes (vide  infra) . 

The  room  temperature  MBssbauer  spectrum  of  the  I2  oxidation  product  of  Fe(C404) 

(C  H,N)^2H.O  (Table  IV)  is  very  similar  to  the  spectrum  of  Fe(C„0.) (H.O),  ,Br_  , 

(shown  as  spectrum  C in  Figure  4).  The  unconstrained  ratio  of  the  area  of  the  Fe(II) 
to  the  Fe(III)  sites  is  1.00.  This  suggests  that  one-half  of  the  iron  in  this  complex 
has  been  oxidized.  Given  the  empirical  formula  of  the  oxidation  product  it  appears 
likely  that  iodine  is  present  as  in  this  complex  which  suggests  a molecular  formula 
[FeII(C404)2(C^H^N)2FeIII]l2.  We  observe  no  appreciable  line  broadening  of  either 
the  Fe(II)  or  Fe(III)  quadruple  doublets  in  going  from  300  to  17  K.  There  is  also 
no  indication  of  a Zeeman  pattern  in  the  17  K spectrum. 

Room-temperature  MBssbauer  spectra  of  Fe(C6H204) 
(H20)2  and  Fe(CgH204)I  are  illustrated  in  Figure  9 and  spectral  parameters  given  in 
Table  V.  As  reported  previously,^  it  is  necessary  to  Include  a small  amount  of  an 
Fe(III)  quadrupole  doublet  (Apg3+/Ape2+  ■ 0.14)  in  the  analysis  of  the  unoxidlzed 
material.  This  component  presumably  results  from  a chain-terminating  oxidation  of 
the  Fe(C^H204) (H20)2  polymer.  The  spectrum  of  Fe(CgH204)I  (spectrum  B,  Figure  9) 
consists  of  at  least  two  quadrupole  doublets.  The  result  of  fitting  the  spectrum  to 
four  unconstrained  lines  is  illustrated  in  Figure  9.  This  particular  fit  is  of  ques- 
tionable utility  because  of  the  unrealistic  line  width  ratio  of  the  two  Fe(II)  lines. 

We  were  unable  to  find  a unique  fit  to  this  spectrum  by  assuming  two  distinct  Fe(II) 
sites.  Spectra  taken  at  lower  temperatures  also  showed  no  improved  resolution  of  the 
high  velocity  Fe(II)  absorption.  Our  assignments  of  the  Fe(II)  and  Fe(III)  quadrupole 
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doublets  were  suggested  by  results  of  numerous  attempted  fittings  with  a variety  of 
constraints.  If  we  consider  the  Fe(II)  quadrupole  doublet  as  referring  to  an  average 
Fe(II)  site  then  an  area  ratio  Fe(II) totaj_/Fe (III)  * 2.44  is  obtained  from  the  fit 
shown  in  Figure  9.  If  iodine  were  present  as  the  iodide  ion,  the  complex  would  con- 
tain only  Fe(III).  The  large  Fe(II)  content  observed  suggests  that  iodine  is  present 
as  the  triiodide  ion,  I^»  as  in  the  squarate  complex.  The  appropriate  molecular  form- 
ula is  then  [FeClI^FeCIII)  (Cgl^O^)^]!^,  for  which  the  expected  area  ratio  is  2.00. 

Solid-state  transmission 

electronic  spectra  of  Fe(C^O^)  and  Fe  (C^O^)  (C^H^I^)  -^l^O  in  the  spectral 

region  4000-24000  cm  ^ are  illustrated  in  Figure  10.  Sharp  spectral  bands  below  8000 

cm  ^ are  characteristic  of  ligand  combination  and/or  overtone  absorption.  The  broad 

band  at  approximately  20000  cm  ^ in  the  pyrazine  complex  is  typical  of  a charge-transfer 

transition.  The  broad  absorptions  in  the  region  9000-13000  cm  ^ may  be  assigned  as 

transitions  to  the  ’’b,  and  ^A.  terms  derived  from  the  octahedral  excited  term 

lg  lg  g 
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as  illustrated  in  Figure  11.  This  figure  also  gives  energies  of  each  of  the 
terms  expressed  as  functions  of  the  quadrate  crystal-field  parameters,  and  D 
Low-symmetry  crystal-field  parameters  were  calculated  by  using  the  relations  (eq  10) 
derived  from  the  energies  in  Figure  11. 

“3  - T(v3-v2  + V 

% - T<w4y 

D (equatorial)  = D (e)  ■ v„/10 

-9.  ~ 2 

D (axial)  = D (a)  - D (e)-  (10) 

— — 4-T 


Positions  of  crystal-field  absorption  maxima,  and  Vy  t^ie  groun^  state  splitting 
(see  Mbssbauer  spectroscopy  section),  v^,  and  derived  crystal-field  parameters  for 
the  Fe(II)  squarate  complexes  are  given  in  Table  VI.  Our  values  of  v ^ and  for 
Fe(C^O^) (8^0)2  are  identical  to  those  given  by  Long.^ 
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Magnetic  susceptibilities  and 

effective  moments  as  a function  of  temperature  for  FeCC^O^) are  given  in  Table 

VII?°  Figure  12  is  a plot  of  the  inverse  molar  susceptibility  vs  temperature.  At 

temperature  in  excess  of  90  K the  susceptibility  shows  approximate  Curie  law  behavior 

with  a Curie  constant  of  3.0.  In  this  high  temperature  range  p increases  from 

erf 

4.82uB  at  90  K to  5.00pB  at  200  K and  thereafter  falls  to  4.91pB  at  286  K.  This  be- 
havior is  typical  of  tetragonally  distorted  Fe(II)  in  which  the  high  temperature 
susceptibility  is  dominated  by  a Boltzman  distribution  between  two  terms  separated  by 
kT  - 200  K.  At  lower  temperature  the  susceptibility  deviates  very  strongly  from  Curie 
law  behavior  in  a manner  indicative  of  antiferromagnetic  ordering.  These  data  in  the 
low  temperature  region  are  shown  on  an  expanded  scale  in  Figure  13.  The  susceptibility 
data  pass  through  a smooth  rounded  maximum  at  approximately  32  K.  We  observe  no  second 
maximum  at  lower  temperatures,  in  contrast  to  the  findings  of  Barros  and  Friedberg.^ 

We  believe  that  the  addition  susceptibility  maximum  previously  reported^  is  due  to 
significant  amounts  of  impurities  in  the  commercial  sample  of  Fe^O^,)  (fi.^0)  ^ used  by 
these  investigators. 

We  have  attempted  to  theoretically  reproduce  essential  features  of  the  experimental 

susceptibility  of  Fe (C20^) (HjO^.  Results  for  two  fitting  procedures  are  illustrated 

in  Figure  13.  Curve  A is  the  best  fit  obtained  by  using  the  Heisenberg  linear-chain 

51  52 

model  modified  by  inclusion  of  an  interchain  spin-exchange  term,  eq  11.  ’ In  this 

expression  xLC  is  given 

Winter'  XLC/<1-2^'>‘LC/S62a2)  + »“  ' <“> 
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by  eq  12  in  which  is  the  intrachain  spin-exchange  parameter,  N is  Avogadro's  num- 
ber, 6 is  the  Bohr  magneton,  k is  Boltzmann's  constant,  and  is  the  individual  ion 
spin.  The  parameter  V in  eq  11  is  the  interchain  spin-exchange  parameter  and  Z is 
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XLC  " NB2£2S(S+1)  {1-T/2JS(S+1)  + coth [2JS (S+l) /T] }/ 

3kT  {1+T/2JS(S+1)  - coth [2  JE  (S+l) /T ] } (12) 

the  number  of  nearest  neighbor  chains.  The  behavior  of  the  functions  described  by 
eq  12  and  11  is  shown  in  Figures  14  and  15,  respectively.  Whereas  the  effect  of 
decreasing  J[  is  to  both  shift  the  susceptibility  maximum  to  higher  T and  reduce  the 
value  of  the  susceptibility  at  the  maximum,  the  effect  of  decreasing  is  to  simply 
lower  the  susceptibility  maximum.  In  no  instance  however  does  the  theoretical 
susceptibility  approach  zero  at  low  temperatures  as  does  the  experimental  suscepti- 
bility of  Fe(C20^)  (I^O^  (Figure  13).  The  upper  curve.  A,  in  Figure  13  was  calculated 
by  using  eq  11  with  ■ -4.4  cm  ZJ*  ■ 10.7  cm  \ g * 2.02,  and  Na  ■ 60  x 10  ^ cgsu. 

The  calculated  susceptibility  maximum,  32.3  K,  agrees  well  with  the  experimental 
maximum  obtained  by  inspection.  The  theoretical  fit  however  diverges  very  substan- 
tially from  the  experimental  points  below  25  K.  We  ascribe  this  deviation  to  the  onset 
of  long-range  three-dimensional  ordering  below  25  K as  observed  also  by  Mbssbauer 
spectroscopy.  The  rapid  decrease  in  susceptibility  at  low  temperature  requires  anti- 
ferromagnetic ordering  even  though  the  interchain  coupling  is  ferromagnetic  as  demon- 
strated by  the  positive  value  of  Zj'.  In  fact  the  susceptibility  below  80  K can  be 

reproduced  very  well  (curve  B in  Figure  13)  using  the  Heisenberg-Dirac-Van  Vleck 
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S^-S^^  spin-coupled  dimer  model.  Although  this  model  has  no  direct  physical  signi- 
ficance here  its  success  at  modeling  the  data  suggests  the  dominance  of  pairwise  anti- 
ferromagnetic interactions.  The  slight  Increase  in  susceptibility  below  approximately 
7 K may  be  ascribed  to  a small  amount  of  paramagnetic  Impurity. 

Experimental  magnetic  susceptibilities  and  moments  for  Fe^O^)  (H20)0  9(CgH^O2)0  05 
and  Fe^O^)  (^O)^  4Brg  5 are  given  in  Tables  VIII  and  IX,  respectively.^0  Suscep- 
tibility data  for  the  former  material  are  plotted  vs  temperature  in  Figure  16.  The 
principal  feature  of  these  data  is  the  broad  maximum  near  54  K.  This  maximum  is 
nicely  reproduced  by  using  the  modified  Heisenberg  linear  chain  equation,  eq  11,  in 
which  m -6.8  cm  , g ■ 1.96,  ZJ  ■ 16.7  cm  x,  and  Na  ■ 60  x 10  cgsu.  However, 
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a small  amount  of  KBr  in  the  sample.  Transmission  or  optical 
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at  T<50  K there  is  a large  discrepancy  between  experimental  and  calculated  points 
which  is  due  to  the  onset  of  long-range  antiferromagnetic  order  below  this  tempera- 
ture as  evidenced  by  the  appearance  of  Zeeman  lines  in  the  MSssbauer  spectrum  of  this 
compound  at  ca.  20  K (vide  supra).  In  addition  to  the  50  X maximum  a smaller  in- 
flection in  the  susceptibility  data  is  observed  near  20  K.  This  feature  may  be 
associated  with  the  onset  of  long-range  order.  Unfortunately  lack  of  a suitable 
theoretical  model  precludes  a detailed  analysis  of  this  portion  of  the  susceptibility 
curve.  As  for  Fe ^O^)  a gradual  increase  in  the  susceptibility  below  8 K is 

observed  in  Figure  16.  Again  it  is  not  clear  if  this  feature  is  due  to  the  presence 
of  a small  amount  of  impurity  or  if  it  is  the  result  of  a distinct  physical  process 
occurring  in  the  polymer. 

Figure  17  illustrates  experimental  magnetic  susceptibilities  and  moments  for 
the  Br2  oxidation  product.  As  in  the  case  of  the  quinone  oxidation  product,  this 
material  possesses  a susceptibility  maximum  near  50  K.  However,  in  contrast  to  the 
former  compound,  this  material  is  characterized  by  a gradual  increase  in  its  suscep- 
tibility at  T<25  K.  Application  of  eq  11  to  these  data  results  in  the  fit  shown  as 
the  solid  curve  in  Figure  17.  Parameters  of  the  fitting  are  J ■ -5.3  cm  g ■ 2.43, 

ZJ  * 3.5  cm  \ and  Na  “ 60  x 10  ^ cgsu.  The  fit  is  very  good  above  40  K but  fails 
to  account  for  the  low-temperature  susceptibility  increase.  On  the  basis  of  analytical 
and  MSssbauer  results  given  above  the  Br2  oxidation  product  contains  approximately 
equal  proportions  of  Fe(II)  and  Fe(III)  sites  and  therefore  may  be  regarded  as  a 
polymer  with  approximate  molecular  formula  FeIIFeIII(C20^)2(H20>2Br.  For  this  reason 
we  fit  the  susceptibility  data  for  this  complex  to  the  appropriate  Heisenberg-Dirac- 
van  Vleck  expression  for  an  S^“  2,  S^"  -|  dimer,  eq  13,  where  X - 
XM  -(NeV/4kT)[165  + 84  exp(9X)  + 35exp(16X)  + 

10exp(21X)  + exp(24X)]/[5+4exp(9X)  + 3 exp(16X) 

+2exp (2 IX)  + exp (24X) ] (13) 

J/kT.  The  result  of  this  fitting  is  illustrated  as  the  dashed  line  in  Figure  17  for 
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which  J“  -18.2  cm-^  and  g ■ 2.00.  This  dimer  equation  predicts  an  increase  in  the 
susceptibility  at  low  temperatures  (T<25  K)  as  observed  for  the  experimental  data. 

Experimental  magnetic  susceptibility  data  for  Fe(C^O^)  (t^O) 
Fe(C^O^)  (CjH^N)2*2H20,  and  Fe(C^O^)  (C^H^Nj) '^HjO  are  given  in  Tables  X-X1I,  respec- 
tively.^ Figure  18  Illustrates  the  approximate  linear  behavior  of  the  inverse 
corrected  molar  susceptibility  vs  temperature  for  the  aquo  complex.  Thus  we  are  unable 
to  detect  the  presence  of  a spin-exchange  interaction  in  the  aquo  complex  in  the  tem- 
perature range  4.2-300  K.  We  were  able  to  describe  the  magnetic  susceptibility  data 
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by  using  the  low-symmetry  (D^)  electrostatic  matrix  elements  of  Figgis  et_  al. 
Susceptibility  data  for  the  aquo  complex  were  fit  to  the  appropriate  partition  func- 
tion after  the  crystal-field  matrices  were  diagonalized  with  suitable  values  of  X,  u, 
and  The  line  shown  in  Figure  18  represents  the  theoretical  inverse  susceptibility 
calculated  from  this  model  with  X - -80  cm  \ u--4,  and  J£»0.8.  From  the  fitted  value 
of  u (*v^/X)  we  find  * 320  cm  \ This  value  for  the  ground  term  splitting  is  smaller 
than  that  obtained  from  an  analysis  of  the  temperature  dependence  of  AEq  (475-550  cm  ^ ) . 
However,  if  one  considers  the  relative  uncertainty  in  the  data  and  the  assumptions 
made  in  the  analysis  of  the  A£q  data,  values  of  obtained  by  the  two  methods  are  in 

adequate  agreement. 

Figure  19  illustrates  the  temperature  behavior  of  magnetic  susceptibilities  and 
effective  magnetic  moments  for  the  pyrazine  and  pyridine  complexes.  Effective  mag- 
netic moments  for  these  compounds  are  insensitive  to  temperature  changes  in  the  range 
100-300  K.  Above  ca.  30  K the  susceptibility  of  these  materials  obeys  the  Curie-Welss 
law  with  small  negative  Weiss  constants.  In  the  range  10-300  K susceptibility  data 
for  the  pyridine  complex  are  described  by  using  the  model^  with  X«-80  cm  \ u»-10, 
and  £“0.5  (curve  A in  Figure  19).  These  parameters  describe  equally  well  the  suscep- 
tibility data  for  the  pyrazine  complex  above  ca.  40  K.  However,  in  order  to  fit  the 
data  for  the  pyrazine  complex  below  40  K we  found  it  necessary  to  utilize  eq  11,  the 
Heisenberg  chainmodel  modified  for  interchain  coupling.  Curve  B in  Figure  19  represents 
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the  solution  to  eq  11  with  J*-0.26  cm  \ jj«*2.20,  zJ  --0.02  cm  \ and  Na*  53  x 10  ^cgsu. 

These  models  are  compared  in  Figure  20  by  illustrating  the  low-temperature  inverse 
susceptibility  data  for  the  pyridine  and  pyrazine  complexes.  These  data  are  plotted 
against  log  T^  in  order  to  separate  the  lowest-temperature  data  points  from  one  another 
and  also  to  clearly  distinguish  the  theoretical  curves.  Curve  A represents  the 
model  with  parameters  given  above.  Curve  C is  the  Curie-Weiss  law  with  C * 3.54  and 
9 ■ 3.0  K.  Curve  B,  on  the  other  hand,  represents  eq  11  with  parameters  given  above. 

The  modified  Heisenberg  model  appears  to  be  a significantly  better  model  for  the  pyra- 
zine complex  than  is  the  ^4h  model.  Unfortunately,  we  were  unable  to  detect  a maximum 
in  the  susceptibility  curve  for  the  pyrazine  complex  down  to  1.8  K.  The  shape  of  the 
curve  in  the  low- temperature  region  does,  however,  suggest  that  the  antiferromagnetic 
Neel  temperature  is  slightly  less  than  1.8  K.  A clear  distinction  between  the  Heisenberg 
and  °4h  models  is  not  possible  on  the  basis  of  our  data  for  the  pyridine  complex.  If 
eq  11  is  applied  to  these  data  a value  of  J>~  0.05  cm-'*'  is  obtained.  Such  a low  value 
of  the  exchange  parameter  cannot  be  detected  with  magnetic  susceptibility  data  above 
4.2  K and  low-temperature  esr  data  will  be  required  to  determine  for  this  material. 

The  observation  that  a linear-chain  model  is  required  to  explain  the  magnetic 
behavior  of  the  pyrazine  but  not  the  pyridine  or  aquo  complexes  suggests  a structure 
for  the  pyrazine  complex  analogous  to  those  postulated  for  the  similar  Fe(II)  dihydroxy- 
benzoquinone  polymers. ^ We  suggest  that  the  pyrazine  and  pyridine  complexes  are  linear- 
chain  polymers  with  bis-chelated  squarate  dianions  and  that  in  the  pyrazine  complex  these 

chains  are  interconnected  to  form  a two-dimensional  array  by  bridging  bidentate  pyrazine. 

14 

Spin  exchange  through  the  squarate  bridge  has  been  shown  to  be  weak  and  consequently 
the  pyridine  and  aquo  complexes  behave  as  if  they  contain  isolated  iron(II)  ions.  By 
contrast,  bridging  pyrazine  is  known  to  support  spin  exchange  and  linear-chain  magnetic 
behavior  is  expected  to  prevail  in  a direction  perpendicular  to  the  squarate  bridging 


direction. 
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Magnetic  susceptibilities  and  effective  magnetic  moments  for  Fe(C^O^)  (C^H^N)!.^  ^ 

are  given  in  Table  XIII. ^ Susceptibility  data  for  this  compound  maximize  near  70  K 

and  a gradual  increase  in  the  susceptibility  occurs  below  30  K.  Attempts  to  model  this 

behavior  were  unsuccessful  in  that  chemically-meaningful  values  of  exchange  constants 

were  not  obtained  by  applying  any  of  the  theoretical  expressions  used  above. 

• Experimental  magnetic  susceptibility  data  for 

FeCC^^O^)!  are  given  in  Table  XIV  Figure  21  illustrates  the  temperature  behavior 

of  Xjj  and  Pe££  for  this  complex.  The  susceptibilitv  vs  temperature  behavior  of  this 

mixed-valence  material  is  dramatically  different  from  that  previously  observed^  for 

the  polymeric  Fe(II)  complex  FeCC^^O^)  (^O^,  which  may  be  described  as  a Heisenberg 

*1  16 

linear  chain  with  J^-1.4  cm 

Dc  electrical  conductivities  of  each  of  the  mixed-valence  materials  were  measured 

35 

on  pressed  pellets  of  powdered  samples  using  the  van  der  Pauw  four-probe  technique 
with  pressure  contacts . Replicate  measurements  for  all  the  complexes  produced  conduc- 
tivities which  were  reproducible  to  within  one  order  of  magnitude.  At  room  tempera- 
ture the  following  average  electrical  conductivities  were  obtained:  Fe^C^)  0^0)  ^ ^ 

Br0.6'6xl0‘4!  Fe(C2O4)(H2O>0.9(C6H4°2)0.05-  2*10~4;  <C4°4> <C5H5N) h . 5 • l*10"6; 

FeCCg^O^)!,  5x10  1cm  These  conductivities  are  much  larger  than  those  measured 

for  the  respective  unoxldized  polymers  (o^^<  1x10  ^cm  . Conductivities  of 
several  samples  of  the  mixed-valence  materials  were  also  measured  at  ca.  20  and  80  K. 
For  a given  pressed  pellet  the  conductivity  decreased  by  a factor  of  approximately  ten 
upon  cooling  the  sample  from  room  temperature  to  80  K.  An  additional  factor  of  ten 
conductivity  decrease  was  observed  upon  cooling  the  sample  from  80  to  ca.  20  K,  con- 
firming their  semiconducting  behavior.  Because  of  the  rather  large  uncertainty  in 
measured  conductivities  of  these  materials  we  have  not  extended  these  measurements  to 
other  temperatures,  nor  have  we  determined  band  gap  energies  from  these  conductivity 
data.  It  is  clear  that  the  enhanced  electrical  conductivity  of  the  partially-oxidized 
polymers  is  associated  with  the  mixed-valence  nature  of  these  materials. 
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Polymeric  Fe(II)  complexes  of  the  oxalate,  squarate,  and  dihydroxybenzoquinone 
dianions  have  been  prepared.  The  fifth  and  sixth  (axial)  iron  coordination  sites  in 
these  materials  are  occupied  by  water  molecules  although  in  certain  cases  other  basic 
ligands  can  be  substituted  for  water.  A tetragonal  structure  of  this  sort  is  sub- 
stantiated by  both  the  temperature  dependence  of  Mdssbauer  spectra  and  by  electronic 
spectra.  For  the  squarate  complexes  with  water,  pyridine,  and  pyrazine  occupying  axial 
sites,  the  data  are  adequate  to  allow  extraction  of  detailed  information  concerning  term 
energies.  The  oxalate  and  dihydroxybenzoquinone  complexes  exhibit  linear  chain  magne- 
tism, although  analysis  of  the  data  for  oxalate  is  complicated  by  long-range  ordering 
at  low  temperatures . Although  linear  chain  magnetic  behavior  is  not  observed  for  the 
aquo  and  pyridine  complexes  with  iron  squarate,  the  iron  squarate  chains  are  apparently 
cross-linked  to  a two-dimensional  array  with  pyrazine,  leading  to  linear  chain  magne- 
tism via  spin  exchange  through  pyrazine  bridges. 

Most  of  these  polymeric  Fe(II)  complexes  can  be  partially  oxidized  to  mixed- 
valence  Fe(II,III)  materials.  The  course  of  these  oxidations  is  quite  sensitive  to 
the  experimental  variables-oxidizing  agent,  solvent,  temperature-  and  behavior  ranging 
from  no  reaction  to  complete  oxidation  and/or  decomposition  can  be  observed.  The  ulti- 
mate stoichiometries  observed  span  a wide  range  of  behavior,  from  10-to  60-percent 
oxidation,  and  there  is  no  apparent  trend  to  the  specific  compounds  formed.  The  materials 
formed,  however,  are  distinct  species  rather  than  mixtures  of  unoxidized  and  totally 
oxidized  materials  or  non-stoichiometric  phases  of  variable  composition.  The  absence 
of  X-ray  powder  diffraction  lines  attributable  to  the  unoxidized  Fe(II)  polymers  rules 
out  a mixture  of  oxidized  and  unoxidized  complexes.  The  observation  that  mixed-valence 
complexes  of  fixed  stoichiometry  result  from  a variety  of  experimental  conditions,  par- 
ticularly large  excesses  of  oxidizing  agent,  suggests  that  the  complexes  formed  repre- 
sent distinct  energy  minima  with  respect  to  oxidation  level,  rather  than  stages  in  a 
continlum  of  oxidation  levels. 
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The  dark  colors  of  these  mixed-valence  materials  suggest  some  degree  of  Inter- 
action among  ions  in  different  oxidation  states,  and  this  is  supported  by  magnetic 
measurements.  The  observation,  via  Mbssbauer  spectroscopy,  of  distinct  Fe(II)  and 
Fe(IIl)  sites  rules  out  total  electronic  delocalization,  thereby  placing  these 
materials  in  the  Robin  and  Day  mixed-valence  Class  II.  The  breadth  of  the  Mbssbauer 
absorptions  and,  in  at  least  one  case,  the  resolution  of  at  least  two  Fe(II)  absorp- 
tions, suggests  multiple  sites  for  these  complexes.  This  is  compatible  with  a model 
involving  random  oxidation  along  the  chains,  hence  a variety  of  environments  in  which, 
for  example,  an  Fe(II)  ion  might  have  zero,  one,  or  two  Fe(III)  neighbors.  Magnetic 
data  are  also  compatible  with  such  a random  oxidation  process,  although  the  lack  of 
suitable  theoretical  models  precludes  detailed  treatment.  Kudo,  Matsubara,  and 
Katsura^  have  recently  discussed  the  expected  magnetic  behavior  for  a random  mixture 
of  S-0  or  S-j,  S«1  ions.  Using  a statistical  treatment,  they  have  demonstrated 

that  the  susceptibility  is  expected  to  have  a temperature  dependence  which  is  at  least 
qualitatively  similar  to  that  which  we  observe  for  the  mixed-valence  Fe(II,III)  com- 
plexes. Thus  at  high  temperatures  normal  paramagnetic  behavior  prevails,  but  as  the 
temperature  is  lowered  the  susceptibility  maximizes,  then  decreases,  as  a result  of 
pairwise  antiferromagnetic  spin  exchange  interactions.  At  still  lower  temperatures 
the  susceptibility  increases  again  as  the  result  of  the  residual  paramagnetism  of 
incomplete  spin  cancellation.  This  behavior,  conceptually  similar  to  the  phenomenon 
of  ferrimagnetism,  is  just  that  observed  here.  It  receives  further  support  from  the 
fact  that  the  high  temperature  data,  and  susceptibility  maximum,  can  be  fitted  using 
a linear  chain  model  with  an  intermediate  spin  corresponding  to  the  weighted  average 
of  the  oxidation  states . 

As  is  commonly  observed  for  single- valence  inorganic  polymers,  the  electrical 
conductivity  of  the  Fe(II)  complexes  is  quite  low.  However,  partial  oxidation  to  the 
mixed-valence  compounds  leads  to  a dramatic  increase  in  electrical  conductivity,  to 
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values  of  10  ft  cm  This  serves  to  reinforce  the  concept  that  mixed-valence  is 
fundamental  to  the  existence  of  high  conductivity  in  inorganic  and  organic  polymers. 

This  work  clearly  demonstrates  that  the  rational  synthesis  of  mixed-valence  polymers, 
and  the  resultant  control  of  physical  properties,  is  a feasible  goal. 
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Abbreviations : s,  strong;  m,  moderate;  w,  weak;  v,  very.  — Apparent  intensity 
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TaJ^Le^I^.  Infrared  Band  Positions  and  Assignments  for  the  Iron  Squarate  Complexes.— 


Vobsd* 


-1 

cm 


assignment 


\)  , , cm 
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-1 


assignment 


Fe(C404) (H20)2  Fe(C404) (C^N)^!!^ 
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. Fe-0 

o __ 

1 

CO 

g 

— Key:  s,  strong;  m,  moderate;  w,  weak;  asym,  asymmetric;  br,  broad;  sq,  squarate; 
py,  pyridine;  pyz,  pyrazine. 

— Pyridine  assignments  from  reference  39. 

c 

— Pyrazine  assignments  from  reference  40. 
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Table^III.  Mflssbauer  Parameters  for  the  Oxalate  Complexes. 


site 

T,K 

AEn, 
mm/ s 

5’a 

mm/  s — 

/’b 

mm/  s— 

comments 

Fe(C204)(H20)2 

Fe(II) 

RT- 

1.75 

1.21 

0.402 

100 

1.98 

1.23 

0.396 

► — l"— 2 

50 

2.06 

1.26 

0.395 

ri-r2 

Fe (C2°4) (H20) 0 . 9 (C6 W 0 . 05 

/ 

Fe(II) 

RT 

1.71 

1.17 

0.608  ' 

373 

1.69 

1.17 

0.625 

, Ape2+ 

Fe(III) 

RT 

0.97 

0.32 

0.528 

f - 2 

A 3+ 

373 

0.96 

0.33 

0.600 

— Fe 

4-line  fit 

Fe(II)A 

170 

1.79 

1.32 

0.422  ' 

50 

1.91 

1.32 

0.471 

^Fe2+Am 

Fe(II)B 

170 

2.25 

1.31 

0.518 

-Fe2+B 

L 

50 

2.46 

1.35 

0.704 

{ -Fe2total 

Fe(III) 

170 

1.04 

0.42 

0.570 

V3+ 

50 

1.14 

0.44 

0.614  t 

6-line  fit 

Fe(C, 

i 

!°4)(H2O)1.4Br0.6 

Fe(II) 

RT 

1.72 

1.20 

0.326  ' 

^2+  - 0 , 

100 

1.76 

1.21 

0.330 

^Fe^ 

50 

1.86 

1.24 

0.360 

Fe(III) 

RT 

0.63 

0.42 

0.328 

f 

100 

0.64 

0.42 

0.325 

50 

0.64 

0.42 

0.371  J 

— Relative 

to  a-Fe 

foil.  - r 

is  full  width  at  half 

maximum. 

— RT  refers 

to  room 

temperature  (298±2K) . 

J. 


34 


Table  IV.  Mflssbauer  Parameters  for  the  Squarate  Complexes, 
vwwvw 


site 


T,K 


AEq, 
mm/ s 


mm/s^ 


mm/ s- 


comments 


Fe(C404) (H20)2 


Fe(II) 

RT^- 

2.29 

1.22 

0.33 

> 

250 

2.36 

1.26 

0.32 

200 

2.54 

1.27 

0.33 

150 

2.67 

1.29 

0.30 

l -1  -2 

f V mV 

100 

2.73 

1.31 

0.29 

F1  r2 

50 

2.79 

1.31 

0.29 

17 

2.81 

1.32 

0.30 

J 

Fe(C404)(C5H5N)2.2H20 

Fe(II) 

RT 

2.12 

1.16 

0.31 

\ 

250 

2.36 

1.16 

0.30 

2Q0 

2.62 

1.20 

0.30 

-l“-2 

150 

2.87 

1.21 

0.29 

> ri"r2 

100 

3.00 

1.23 

0.31 

50 

3.00 

1.24 

0.32 

17 

3.02 

1.24 

0.30 

J 

Fe(C404)(C4H4N2)-4±H20 

Fe(II) 

RT 

3.01 

1.14 

0.33 

\ 

200 

3.14 

1.16 

0.33 

160 

3.14 

1.15 

0.32 

\ -l“-2 

100 

3.16 

1.18 

0.31 

r -r 

1 2 

50 

3.15 

1.20 

0.31 

17 

3.16 

1.22 

0.34 

J 

f«<c4o4)(c5h5h>i1>5 

Fe(II) 

RT 

3.12 

1.19 

0.32 

' 

17 

3.21 

1.20 

0.31 

> AFe2+ 

Fe(III) 

RT 

0.59 

0.50 

0.36 

I 

17 

0.62 

0.51 

0.36 

J 

d K 

— Relative  a o-Fe  foil.  — T is  full  width  at  half  maximum. 

c 

— RT  refers  to  room  temperature  (298±2K) . 


Table^V.  Mossbauer  Parameters  for  the  Dihydroxybenzoquinone  Complexes. 


site 

T,K 

AEL 

-Q» 

mm/s 

6, 

mm/ 

ri.  b 

mm/s— 

r2 

**  b 
mm/a=- 

hi/  c 

£o- 

dm 

Fe(C6H204)(H20)2 

Fe(II)— 

RT- 

1.47 

1.16 

0.35 

0.35 

1.00 

200 

1.46 

1.17 

0.32 

0.32 

1.00 

130 

1.47 

1.17 

0.31 

0.31 

1.00 

80 

1.47 

1.17 

0.32 

0.32 

1.00 

15 

1.49 

1.21 

0.32 

0.32 

1.00 

Fe(III) 

RT 

0.83 

0.38 

0.39 

0.28 

1.62 

200 

0.83 

0.38 

0.38 

0.31 

1.59 

130 

0.81 

0.40 

0.39 

0.32 

1.58 

80 

0.81 

0.41 

0.39 

0.33 

1.55 

15 

0.84 

0.41 

0.36 

0.30 

1.58 

Fe(C6H204)I 

Fe (II) 

RT 

2.71 

1.04 

0.36 

0.51 

0.73 

23 

2.76 

1.14 

0.35 

0.55 

0.72 

Fe (III) 

RT 

0.78 

0.56 

0.47 

0.48 

1.32 

23 

0.78 

0.59 

0.46 

0.46 

1.34 

— Relative  to  <*-Fe  foil.  — Full  width  at  half  maximum.  — Area  ratio  (low  energy 
line/high  energy  line).  —Area  ratio  constrained  equal  to  1.00.  — RT  refers 

to  room  temperature. 
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Ta Electronic  Spectral  Data  and  Crystal-Field  Parameters 
for  the  Fe(II)  Squarate  Complexes.— 


compound 


%<£> 


D^U) 


fit 


Fe(C404)(H20)2  50(£ 

Fe(C404)(C5H5N)2 

•2H20  425 

Fe(C404)(C4H4N2) 

•%H20  850 


8500 

10750 

850 

9300 

12000 

930 

10200 

12500 

1020 

610  390  140 


610  450  180 


830  450  100 


— All  values  in 

— Average  value 


cm  ^ . Crystal-field  parameters  expressed  to  the  nearest  10  cm 
obtained  from  Mdssbauer  spectra  (Figure  8). 
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Magnetic  Susceptibility  Data  for  Fe . 


T,K 

X^(obsd)x  105,cgsu^ 

^eff  ’ U1 

4.24 

1511 

0.72 

4.90 

1468 

0.76 

6.05 

1434 

0.84 

6.83 

1435 

0.88 

7.80 

1489 

0.96 

9.81 

1783 

1.18 

11.93 

2501 

1.54 

15.67 

3335 

2.04 

18.26 

3796 

2.36 

21.54 

4160 

2.68 

24.09 

4364 

2.90 

27.10 

4515 

3.13 

29.92 

4604 

3.32 

32.23 

4649. 

3.46 

34.43 

4675 

3.59 

36.53 

4676 

3.70 

38.36 

4667 

3.78 

40.09 

4658 

3.86 

41.59 

4641 

3.93 

43.02 

4623 

3.99 

44.40 

4605 

4.04 

45.99 

4570 

4.10 

47.91 

4535 

4.17 

49.77 

4491 

4.23 

51.46 

4447 

4.28 

53.33 

4394 

4.32 

55.59 

4341 

4.39 

57.94 

4279 

4.45 

62.30 

4137 

4.54 

64.68 

4067 

4.59 

69.9 

3810 

4.62 

74.8 

3658 

4.68 

80.8 

3460 

4.73 

85.5 

3326 

4.77 

90.2 

3218 

4.82 

95.0 

3084 

4.84 

100.0 

2967 

4.87 

104.6 

2860 

4.89 

110.2 

2707 

4.88 

119.6 

2528 

4.92 

129.0 

2393 

4.97 

139.3 

2214 

4.97 

150.5 

2070 

4.99 

164.5 

1900 

5.00 

178.8 

1739 

4.99 

Magnetic  Susceptibility  Data  for  Fe(c2°4)  (H20) o.9 (C6II4°2) 0.05* 


T,K 

X^(obsd)  x 105,cgsu^ 

5eff  M: 

4.24 

1894 

0.80 

5.30 

1857 

0.89 

6.18 

1820 

0.95 

7.11 

1806 

1.02 

8.28 

1792 

1.10 

9.55 

1793 

1.18 

11.39 

1824 

1.30 

13.67 

1879 

1.45 

15.80 

1933 

1.59 

18.86 

1996 

1.75 

21.43 

2050 

1.89 

24.45 

2111 

2.05 

27.23 

2173 

2.20 

29.85 

2235 

2.33 

32.17 

2296 

2.45 

34.75 

2373 

2.59 

36.66 

2426 

2.68 

38.65 

2495 

2.80 

40.53 

2557 

2.90 

42.44 

2618 

3.00 

44.25 

2679 

3.10 

45.72 

2725 

3.17 

47.40 

2786 

3.23 

49.03 

2840 

3.36 

50.62 

2878 

3.42 

52.18 

2901 

3.50 

53.23 

2924 

3.55 

54.49 

2924 

3.59 

55.83 

2925 

3.64 

57.23 

2909 

3.66 

59.29 

2894 

3.73 

60.94 

2860 

3.75 

62.70 

2833 

3.78 

64.21 

2810 

3.83 

67.03 

2780 

3.88 

68.37 

2757 

3.90 

70.71 

2719 

3.93 

-^M.Wt. 

■ 165.49;  -47  x 10  ^cgsu. 

t 
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Magnetic  Susceptibility  Data 

for 

Fe(C204)(H20)1  4»r0 

T,K 

- 5 a 

X^(obsd)  x 10  ,cgsu— 

^eff’ 

20.0 

3188 

2.26 

21.0 

3098 

2.28 

22.0 

3068 

2.32 

23.0 

3050 

2.37 

24.0 

3032 

2.41 

25.0 

3014 

2.46 

26.0 

3014 

2.50 

27.0 

3026 

2.56 

28.0 

3032 

2.61 

29.0 

3020 

2.65 

32.0 

3032 

2.79 

34.0 

3038 

2.87 

36.0 

3068 

2.97 

38.0 

3092 

3.06 

40.0 

3128 

3.16 

42.0 

3152 

3.25 

44.0 

3188 

3.35 

46.0 

3176 

3.42 

48.0 

3194 

3.50 

50.0 

3182 

3.57 

52.0 

3176 

3.63 

54.0 

3164 

3.70 

56.0 

3170 

3.77 

58.0 

3170 

3.84 

60.0 

3152 

3.89 

62.0 

3122 

3.94 

64.0 

3086 

3.97 

66.0 

3062 

4.02 

68.0 

3038 

4.06 

70.0 

3014 

4.11 

74.7 

2935 

4.19 

80.1 

2858 

4.28 

85.0 

2798 

4.36 

89.4 

2726 

4.42 

94.9 

2666 

4.50 

99.5 

2576 

4.53 

105.1 

2503 

4.59 

109.7 

2455 

4.64 

115.2 

2395 

4.70 

121.7 

2329 

4.76 

128.2 

2257 

4.81 

137.6 

2143 

4.86 

146.6 

2077 

4.94 

159.1 

1969 

5.00 

168.3 

1873 

5.02 

178.9 

1813 

5.09 

41 


Continued. 


T,K 

XjJj(obsd)  x lO^.cgsu^ 

"eff’  1 

192.7 

1722 

5.15 

202.9 

1650 

5.18 

213.1 

1590 

5.21 

225.1 

1518 

5.23 

236.3 

1452 

5.24 

246.4 

1404 

5.26 

257.6 

1356 

5.29 

269.4 

1320 

5.33 

285.0 

1260 

5.36 

- M.Wt . - 217.03,  Xdla  - -80.0  x 10~6cgsu. 


1 
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Magnetic  Susceptibility  Data  for  Fe(C^O^)  (I^O^. 

T,K 

XjJj  ( obs  d ) xl  0 5 , cgs 

X^(  calcd)  xlO^ , cgsu^- 

^eff’UB 

4.24 

49880 

49780 

4.11 

5.88 

38530 

40790 

4.26 

6.80 

34090 

37040 

4.30 

8.45 

29150 

31790 

4.44 

10.54 

23940 

26960 

4.49 

13.44 

20020 

22260 

4.64 

16.75 

16840 

18560 

4.75 

19.56 

14660 

16270 

4.79 

21.87 

13300 

14770 

4.82 

22.55 

12640 

14380 

4.77 

22.61 

13010 

14350 

4.85 

23.60 

12320 

13820 

4.82 

24.83 

11810 

13210 

4.84 

25.55 

11750 

12880 

4.90 

28.07 

10420 

11840 

4.84 

28.25 

10790 

11780 

4.94 

31.02 

10000 

10820 

4.98 

31.14 

9729 

10780 

4.92 

34.2 

8744 

9372 

5.04 

44.1 

7487 

7828 

5.14 

52.2 

6904 

6683 

5.40 

63.6 

5737 

5548 

5.40 

76.6 

4807 

4639 

5.43 

89.7 

4130 

3986 

5.44 

107.2 

3477 

3354 

5.46 

124.1 

3124 

2909 

5.57 

131.1 

2967 

2759 

5.58 

136.1 

2770 

2659 

5.49 

156.3 

2531 

2323 

5.62 

184.6 

2041 

1973 

5.49 

196.8 

1869 

1852 

5.42 

208.8 

1737 

1747 

5.39 

220.8 

1637 

1675 

5.38 

237.1 

1510 

1541 

5.35 

247.6 

1443 

1477 

5.34 

257.9 

1372 

1418 

5.32 

265.3 

1339 

1379 

5.33 

269.6 

1301 

1358 

5.30 

- M.Wt . - 

203.92,  xdla“  -50.6  x 10_6cgsu. 

- Calcd  from  the  D..  model  with  X 
— 4h 

- -80 

cm  , u 

- -4,  and  k ■ 0.8 

TaJ^^XI.  Magnetic  Susceptibility  Data  for  Fe(C^O^)  (C^H^N)^"  211^0 . 


T,K 

XjJj(obsd)  xlO-5 , cgsu~ 

X^(calcd)  xlO5 , cgsu^- 

Weff’' 

4.21 

54050 

76600 

4.27 

5.22 

47140 

61940 

4.44 

5.67 

43240 

57020 

4.43 

6.01 

41340 

53800 

4.46 

6.34 

39790 

51000 

4.49 

7.59 

33960 

42600 

4.54 

9.65 

27740 

33500 

4.63 

11.36 

24110 

28460 

4.68 

14.25 

19960 

22690 

4.77 

14.76 

19400 

21900 

4.79 

16.87 

17330 

19160 

4.84 

19.73 

15170 

16390 

4.89 

22.43 

13620 

14440 

4.92 

22.69 

13430 

14250 

4.95 

24.52 

12630 

13180 

4.98 

27.06 

11550 

11950 

5.00 

28.41 

11030 

11380 

5.01 

29.96 

10550 

10790 

5.03 

34.15 

9345 

9467 

5.05 

35.15 

9086 

9198 

5.05 

36.25 

8670 

8919 

5.01 

44.2 

7310 

7313 

5.08 

53.8 

6015 

6013 

5.09 

61.8 

5160 

5232 

5.05 

74.1 

4403 

4362 

5.11 

85.9 

3731 

3764 

5.06 

99.7 

3234 

3243 

5.08 

114.0 

2801 

2835 

5.05 

118.0 

2771 

2740 

5.11 

131.6 

2433 

2456 

5.06 

144.0 

2243 

2245 

5.08 

161.0 

2008 

2009 

5.08 

178.9 

1802 

1807 

5.08 

206.1 

1572 

1570 

5.09 

213.7 

1516 

1514 

5.09 

224.8 

1440 

1439 

5.09 

244.2 

1323 

1324 

5.08 

283.0 

1143 

1142 

5.09 

296.0 

1090 

1092 

5.08 

- M.Wt. 

-1 
cm  , 

- 362.13,  xdia  * -110.0xl0"6cgsu. 
u “ ~10,  and  k » 0.5. 

— Calcd  from  the  model  with  X 

N 

1 

oo 

O 
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Magnetic  Susceptibility  Data  for  Fe(C404)  (C^t^)  ’^20. 


T,K 

- 5 a 

X^(obsd)xl0  , cgsu 

XjJj(calcd)  xlO^ , cgsu^- 

^eff’1 

1.81 

48500 

48100 

2.65 

2.04 

48500 

48310 

2.81 

2.06 

48500 

48320 

2.82 

2.19 

48050 

48310 

2.90 

2.80 

47160 

47450 

3.25 

3.25 

45820 

46220 

3.45 

3.46 

45370 

45550 

3.54 

3.72 

44470 

44670 

3.64 

3.95 

43580 

43860 

3.71 

4.21 

43000 

42920 

3.81 

4.24 

42770 

42820 

3.81 

5.78 

38060 

37420 

4.20 

7.59 

32630 

32100 

4.45 

9.91 

27200 

26930 

4.64 

15.15 

19710 

19550 

4.89 

19.87 

15680 

15630 

4.99 

20.21 

15220 

15410 

4.96 

24.00 

13230 

13290 

5.04 

24.78 

12850 

12920 

5.05 

28.16 

11410 

11540 

5.07 

30.02 

10790 

10900 

5.09 

31.57 

10290 

10410 

5.10 

34.1 

9615 

9709 

5.12 

36.6 

9091 

9101 

5.16 

41.7 

8013 

8069 

5.17 

46.6 

7231 

7276 

5.19 

50.9 

6575 

6698 

5.17 

56.5 

6013 

6070 

5.21 

59.5 

5718 

5779 

5.22 

63.6 

5330 

5424 

5.21 

74.0 

4593 

4693 

5.21 

80.7 

4263 

4318 

5.24 

85.3 

4018 

4093 

5.24 

90.9 

3779 

3849 

5.24 

96.1 

3569 

3647 

5.24 

102.7 

3374 

3420 

5.26 

108.3 

3177 

3248 

5.24 

115.2 

2996 

3058 

5.25 

120.5 

2872 

2927 

5.26 

127.0 

2719 

2780 

5.26 

133.0 

2603 

2658 

5.26 

135.0 

2564 

2619 

5.27 

142.4 

2438 

2486 

5.27 

145.2 

2388 

2438 

5.27 

152.3 

2281 

2327 

5.27 

160.6 

2163 

2209 

5.27 

170.0 

2050 

2088 

5.28 

45 


Continued. 


T,K 

X ' (obsd) xlO^ , cgsu^ 

M 

x ' (calcd)xlO^,CgSU^- 
M 

^eff  ’ 

177.4 

1950 

2003 

5.26 

186.8 

1855 

1903 

5.26 

192.2 

1809 

1850 

5.27 

200.8 

1735 

1772 

5.28 

204.2 

1706 

1743 

5.28 

208.3 

1667 

1709 

5.27 

214.8 

1628 

1658 

5.29 

219.9 

1583 

1620 

5.28 

226.6 

1542 

1573 

5.29 

232.2 

1502 

1535 

5.28 

241.5 

1443 

1476 

5.28 

249.0 

1402 

1432 

5.28 

256.1 

1361 

1393 

5.28 

261.2 

1333 

1366 

5.28 

266.6 

1313 

1339 

5.29 

271.4 

1285 

1315 

5.28 

277.0 

1260 

1289 

5.28 

282.3 

1235 

1265 

5.28 

286.7 

1217 

1245 

5.28 

291.2 

1197 

1226 

5.28 

296.0 

1179 

1206 

5.28 

- M.Wt. 

* 329.05,  xdla  - -126. 7x  10-6cgsu. 

- Calcd  for  J - -0.26  cm"1,  Zj' 

* -0.02 

cm  \ 

& ■ 2.20,  and  Net  ■ 53  x 10  ^cgsu. 

f 
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Magnetic  Susceptibility  Data  for  Fe(C4C>4)  (CjHjN)!^ 


T,K 

XJJ[(obsd)xl05,cgsu 

18.0 

3021 

2.09 

20.0 

2984 

2.18 

23.0 

2946 

2.33 

25.0 

2910 

2.41 

28.0 

2898 

2.55 

30.0 

2860 

2.62 

33.0 

2810 

2.72 

36.0 

2790 

2.83 

40.0 
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3.17 
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3.40 
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3.44 

55.0 

3000 

3.63 

60.0 
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3.81 

70.2 
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4.20 

80.3 

2947 

4.35 

90.0 

2821 

4.51 

101.0 

2736 

4.70 

125.0 
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5.02 

138.0 
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4.81 

152.0 

1996 

4.93 

181.0 

1799 

5.10 

199.6 

1717 

5.24 

221.0 

1524 

5.19 

246.1 

1392 

5.23 

286.3 

1386 

5.63 

- M.Wt.-  437.49,  xdla- 

—6 

-75x10  cgsu. 
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mutt- 

Magnetic  Susceptibility  Data  for  FeCCgl^O^)!. 

T,K 

X ’ (obsd)  xlO^ , cgsu^- 
11 

23.8 

2891 

2.34 

24.0 

2868 

2.34 

26.4 

2833 

2.44 

27.4 

2817 

2.48 

32.0 
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2.66 
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2.86 
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3.15 
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3.20 
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3.50 

62.0 
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4.05 

69.7 

3155 

4.19 

71.1 

3171 

4.25 

75.1 

3119 

4.33 

80.0 
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4.42 

97.5 
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4.65 

109.8 
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4.79 

135.8 
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4.98 

167.0 

1980 

5.14 

195.0 

1765 

5.24 

217.8 

1633 

5.33 

271.3 

1350 

5.41 

277.0 

1330 

5.43 

291.6 

1289 

5.48 

295.2 

1285 

5.51 

- M.Wt. 

■ 320.83,  xdia*  -115.6x10  ^cgsu. 
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Figure  Captions 

Figure  1.  Weight  loss  curves  for  Fe(C^O^) (H^O) 2 , A,  Fe(C^O^) (C^H^N)  2*2^0,  B, 
Fe(C404)(C4H4N2)-4  1/2  H20,  C,  and  [Fe(C404) (H20)20H]2*2H20,  D.  Heating  rate 
was  0.5°C/min  in  a nitrogen  atmosphere. 

Figure  2.  Infrared  spectra  of  Fe(C4C>4) (^O^,  A,  Fe  (C^)  (C^N)  2 • 2H20,  B, 
Fe(C404)(C4H4N2)-4  1/2  H20,  C,  and  Fe (C^)  (C^N)  ^ 5>  D.  Absorption  bands 
which  are  assigned  to  pyridine  are  marked  with  a + while  those  assigned  to 
pyrazine  are  marked  with  an  x. 

Figure  3.  Infrared  spectra  of  2,5-dihydroxy-l,4-benzoquinone,  A,  Fe(C,Ho0  ) (H_0)., 

B,  and  Fe(CgH204)I,  C. 

Figure  4.  Room  temperature  MBssbauer  spectra  of  Fe(C2C>4) (H20)2,  A,  Fe(C204) (H20)Q  ^ 
(C^H402)q  qj,  B,  and  Fe(C204) (H20)^  4BrQ  c*  The  velocity  scale  is  relative  to 
a-Fe  foil. 

.'Figure  5.  (a)  A projection  of  the  structure  of  Fe(C2C>4)  (H20>2  normal  to  the 

[1,0,0]  direction.  Water  ligands  are  omitted  for  clarity.  (b)  Normal  to  [0,0,1]. 

I gure  6.  50K  MBssbauer  spectrum  of  Fe(C204) (H20)q  05'  T^lis  spectrum 

1- is  been  fitted  to  one  Fe(III)  and  two  Fe(II)  quadrupole  doublets  with  parameters 
given  in  Table  III. 

Figure  7.  Room  temperature  MBssbauer  spectra  of  Fe(C404> (H20)2>  A,  Fe(C404) (C^H5N>2. 
2H20,  B,  and  Fe(C404) (C4H4N2) • 4 1/2  H20,  C.  The  velocity  scale  is  relative  to 
a-Fe  foil. 

Figure  8.  Plots  of  reduced  quadrupole  splitting,  AE^(T)/AE^(17K)  versus  T for  the 
Fe(II)  squarate  complexes.  The  numbers  within  the  graph  are  gound  state  splittings 
in  cm  ^ for  which  the  smooth  curves  were  calculated  according  to  eq  9 . 

Figure  9.  Room  temperature  MBssbauer  spectra  for  Fe(CgH2C>4)  (H20)2,  A and 


Fe(CgH204)I,  B.  The  velocity  scale  is  relative  to  a-Fe  foil. 
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Figure  10.  Room-temperature  electronic  spectra  of  Fe(C^O^)  (C,.H^N)2-2H20,  A and 
Fe(C^O^) (C^H^N^) *4  1/2  H20,  B.  Note  scale  change  at  ca.  8000  cm  ^ in  spectrum  A. 

Figure  11.  Term  splitting  diagram  for  Fe(II)  in  a crystal  field. 

Figure  12.  Inverse  molar  susceptibility  vs  temperature  for  Fe (C^O^) (H^O) 2>  The 
straight  line  represents  Curie  law  behavior  for  C = 3.0 

Figure  13.  Molar  magnetic  susceptibility  vs  temperature  below  80K  for  Fe(C20^) (H^O) 2 

Curve  A is  the  fit  obtained  by  using  eq  11  with  £ = -4.4  cm  \ £ “ 2.02,  Na  * 

-6  * -1 

60  x 10  cgsu  and  ZJ  ■ 10.7  cm  . Curve  B is  obtained  by  using  the  S^”£2=2  jjdw 

model  with  £ = 21.2,  £ = 2.64  and  Na  = 120  x 10  ^ cgsu  with  a 3%  monomeric  impurity. 

Figure  14.  Illustration  showing  the  effect  of  varying  the  intrachain  spin-exchange 
parameter  in  the  Heisenberg  chain  model  (eq  12;  £ = 2,  & ° 2.)  Curves  are  shown 

for  £ * -1.0  (a),  -2.0  (b),  -3.0  (c),  -5.0  (d)  and  -10.0  cm  ^ (e) . 

Figure  15.  Illustration  showing  the  effect  of  varying  the  interchain  spin-exchange 
parameter  in  the  modified  Heisenberg  chain  model  (eq  11;  S=2,  £=2,  £“3.0  cm  ^) • 

, I 

Curves  are  shown  for  ZJ  » 4 (a),  3 (b) , 2 (c),  1 (d) , 0 (e) , -1  (f),  -5  (g) , and 
-10  cm  ^ (h) . 

Figure  16.  Molar  magnetic  susceptibility  vs  temperature  for  Fe(C~0, ) (H-0)n  (C,H,0„)*  1 

The  smooth  curve  is  obtained  from  eq  11  wit£  J ■ 6.8  cm-1,  £ “ 1.96,  Zj'  - 16.7  cm-1, 

and  No  ■ 60  x 10  ^ cgsu.  ! 

Figure  17 . Molar  magnetic  susceptibility  (+)  and  effective  magnetic  moments  (■) 

vs  temperature  for  Fe(C20^,)  (HjO^  The  data  were  fit  to  eq  11  (solid  curve) 

with  £ “ 5.3  cm  , £ “ 2.43,  ZJ  ■ 3.5  cm  and  Na  ■ 60  x 10  ^ cgsu.  The  dashed 

curve  represents  a fit  to  eq  13  with  J ■ -18.2  cm-1  and  £ - 2.00. 

Figure  18.  Inverse  molar  magnetic  susceptibility  vs  temperature  for  Fe(C^O^) (H20)2. 

The  smooth  curve  represents  the  low-symmetry  model  (see  text)  with  X “ 80  cm  \ 
u “ 4,  and  k ■ 0.8. 


Figure  19.  Experimental  molar  magnetic  susceptibility  for  Fe (C^O^) (C^H^N) ^ ’ 2H2O 
(•)  and  Fe  (C^O^)  (C^H^^)  "4  1/2  ^0  (0)  and  effective  magnetic  moments  per  iron  for 
the  former  (A)  and  latter  ^ complexes.  Curve  A represents  the  solution  for  the 
D,.  low-symmetry  model  with  X = -80  cm-1;  u = -10,  and  k = 0.5.  Curve  B represents 
the  fit  obtained  by  using  eq  11  with  J_  * -0.26  cm  \ Zj'  * -0.02  cm-\  j»  « 2.20 
and  Na  ■ 53  x 10  ^ cgsu. 

Figure  20.  Graph  illustrating  the  low-temperature  behavior  of  the  inverse  corrected 
molar  susceptibility  for  FeCC^O^)  (C^N^^l^O  (•)  and  Fe(C^04)  (C^H^) -4  1/2  H20 
(0) . Curve  A represents  the  low-symmetry  model.  Curve  B is  the  solution  to  eq  11. 
Curve  C is  the  Curie-Weiss  law.  Parameters  are  given  in  the  text. 

Figure  21.  Experimental  molar  magnetic  susceptibility  (+)  and  effective  magnetic 
moment  4D  vs  temperature  for  FeCC^O^I.  Curve  A represents  the  solution  to 
eq  11  with  J - 4.1  cm-1,  g - 2.00,  S.  - 2.33,  Zj'  * 0.0  and  Na  = 0.0. 
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